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Long Island Sound (LIS) is an urbanized estuary that undergoes seasonal hypoxia in its 
western and central regions. Approximately 90% of the water exchange between LIS and the 
adjacent continental shelf, the Middle Atlantic Bight (MAB), occurs at the eastern LIS (ELIS) 
boundary. The contribution (import/export) of carbon (C), nitrogen (N) and phosphorous (P) 
from ELIS to the MAB has not been well constrained, though it is important for the management 
of LIS and coastal biogeochemical budgets. As a tidal estuary, sampling efforts are subject to a 
degree of natural variation that is currently not well quantified. To assess the significance of 
spatial, tidal and seasonal sampling variability on fluxes, a cross-section of ELIS was sampled 
over a complete tidal cycle during representative times of year. Results show that discrete 
sampling in tidal estuaries can lead to a significant spatial and tidal bias in C, N, and P 
concentrations. Uncertainties associated with dissolved and particulate organic C were 6-15% 
and 31-19%; total N, dissolved and particulate organic N were 24-7%, 11-36% and 12-19%; and 
phosphate were 15-11%, under high and low river flow conditions, respectively. These 
uncertainties are recommended for future sampling and modelling efforts of LIS to account for 
natural variations. By pairing measurements of C, N, and P with physical data, seasonal and 
annual fluxes were estimated. Tidally averaged fluxes indicate periods of both net import and 
export across seasons, which vary among constituents. Scaled values indicated a small net import 









Continental shelves make up 7 - 10% of the ocean, yet 10 - 30% of the ocean’s primary 
production occurs here (Bauer et al., 2013; Najjar et al., 2018). These highly productive areas 
link terrestrial and open ocean systems and play a significant role in carbon (Najjar et al., 2018) 
and nutrient cycling (Vitousek et al., 1997; Fennel, 2010). Estuaries are important connections 
between land and the coastal ocean where organic matter and other biologically important 
elements are transferred, transformed or buried before they reach the ocean (Canuel et al., 2012).  
 Nearly half of the human population lives within 100 km of the coast, which has had 
large impacts on coastal aquatic systems through fishing, dredging, damming and altering coastal 
land use (Najjar et al., 2010). As most coastal marine systems are N limited, eutrophication, 
resulting from increased N loading from land, is a global scale problem (Howarth and Marino, 
2006; Woodland et al., 2015). The resulting increases in coastal production can deplete oxygen 
concentrations in the water column and lead to hypoxia and anoxia (Diaz, 2001). This can have 
devastating effects on marine organisms (Wooland et al., 2015). As human populations are 
projected to increase in coming years, the pressures to coastal systems will likely increase as 
well. In addition, changes predicted as a result of global climate change, such as rising 
temperature and shifting precipitation patterns, will confound coastal stressors. In lieu of these, it 
is increasingly important to understand the biogeochemistry of coastal systems to establish 
baselines and to better predict and/or adapt to anticipated changes. 
 Several studies have estimated carbon (Mannino et al., 2015; Najjar et al., 2018; Vlahos 
et al., 2002) and nitrogen (Fennel et al., 2006) budgets on the east coast of the United States in 
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recent years. However, regional data, important for accurately constraining sources and sinks, 
was not always available. Estuaries differ in size, drainage area, geomorphology, freshwater flow 
and residence times. As a result, their contributions to the biogeochemistry of shelf regions can 
also vary greatly (Canuel et al., 2012). For the Middle Atlantic Bight (MAB) (Figure 1), the 
coastal shelf region which stretches from Cape Cod, Massachusetts to Cape Hatteras, North 
Carolina, budgets have focused on areas where data is available. The estimates are usually driven 
by inputs from the Chesapeake (Figure 1a), Delaware (Figure 1b), and Hudson Estuaries (Figure 
1c). For example, recent modeling efforts by Mannino et al. (2015) estimated that these three 
estuaries delivered 630 × 106 kg C yr-1 to the MAB for 2010 - 2012, which made up ~ 80% of the 
total estuarine DOC delivered to the MAB. Vlahos et al. (2002) estimated 590 × 106 kg C yr-1 is 
delivered on average to the MAB based on river flow estimates from Beardsley and Boicourt 
(1981). Fennel et al. (2006) estimated that  delivered from rivers to the MAB is 252 × 106 kg N 
yr-1. The individual contribution of carbon and nutrients from the Long Island Sound (LIS) 
estuary (Figure 1d) to the biogeochemistry of the MAB was not known at the time of these 





Figure 1. Map of the Middle Atlantic Bight with major estuaries indicated by boxes: Chesapeake Bay 
Estuary (A), Delaware Bay Estuary (B), Hudson Raritan Estuary (C), and the Long Island Sound Estuary. 
Figure adapted from UDaily (2007). 
 
 Long Island Sound (LIS) is a highly urbanized, temperate, partially to well-mixed, 
macrotidal estuary on the northeast coast of the United States. LIS has two openings where 
exchange with the MAB occurs. The largest exchange, approximately 90%, occurs at its eastern 
boundary (O’Donnell et al., 2014). The largest freshwater source to LIS, the Connecticut River, 
also empties near this boundary. The other 10% is exchanged at the western end of LIS through 
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the East River Tidal strait. Hypoxia is a reoccurring problem in western and central LIS in the 
summer, and management efforts to decrease N loadings from rivers and wastewater treatment 
facilities is ongoing. While a decrease in hypoxic extent has occurred as a result of these efforts, 
there are still anomalous years in which hypoxic extent is high (Vlahos et al., 2019). Accurate 
budgets for LIS are critically needed for future management efforts and predicting hypoxic 
events. They will also serve as a baseline for understanding future impacts of climate change on 
the estuary and help accurately constrain coastal shelf budgets. 
Vlahos and Whitney (2017) demonstrated that fluxes of carbon from ELIS vary with 
freshwater discharge. In general LIS is net autotrophic, however in “low flow” years (river 
discharge < 18.8 km3 yr-1) LIS switches to net heterotrophic. It is estimated that on average, 
organic carbon (OC) export from ELIS is 56 ± 64 × 106 kg C yr-1 but exports can be much larger 
during “high flow” years (Vlahos and Whitney, 2017).  It has also been estimated that LIS 
exports N during all flow years and on average, 10.8 × 106 kg N yr-1 is delivered to the MAB 
through ELIS (Vlahos et al., 2019). However, these estimates are based on monthly sampling 
resolution and the error associated with them due to spatial and tidal sampling variations was 
unknown at the time. To more accurately estimate the fluxes of biogeochemical constituents 
from LIS, high resolution data, which accounts for spatial and tidal variability of concentrations 
in estuaries is needed. 
The objectives of this study were to first determine the spatial, tidal and seasonal variation 
associated with carbon and nutrient concentrations in ELIS. The next objective was to apply 
these uncertainties to estimates of organic carbon (Chapter 2) and nutrient (Chapter 3) fluxes 
from ELIS in 2016. This study helps to build on current efforts to constrain carbon and nutrient 
budgets in LIS and can be compared as an independent method to estimates made by Vlahos and 
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Whitney (2017) and Vlahos et al., (2019). In order to address these variables, sampling was 
conducted over a complete tidal cycle at a cross section in ELIS at representative times of year. 
From these analyses, the errors associated with single point measurements, a common method to 
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Abstract 
Long Island Sound (LIS) is an urban estuary on the US east coast that undergoes seasonal 
hypoxia in its western and central regions. Approximately 90% of the water exchange between 
LIS and the adjacent continental shelf, the Mid Atlantic Bight, occurs through its eastern 
boundary. Recent estimates of organic carbon (OC) export from LIS have shown that this value 
varies appreciably, both seasonally and inter-annually. In this study, the spatial, tidal, and 
seasonal variability were resolved by measuring dissolved and particulate organic carbon (DOC 
and POC) concentrations and currents at a cross-section in eastern LIS near the estuary mouth.  
Fluxes were extrapolated from these high-resolution observations collected in May, August, and 
November 2016 and August 2017. The seasonally weighted-average total OC flux for 2016 was  
-41 × 106 kg C yr-1 (net import). In the summer of 2016 (a dry year), a net OC export of 
486 × 106 kg C yr-1 resulted from a net import of DOC and an export of POC. In the summer of 
2017 (an average flow year), there was net OC export of 358 × 106 kg C yr-1 due to both DOC 
and POC export, indicating significant seasonal and inter-annual variability. Results show that 
spot sampling in tidal estuaries can lead to spatial and tidal bias in concentrations of DOC (6 - 
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15%) and POC (31 – 18%) under high and low river flow conditions, respectively. This 
uncertainty is recommended for spot sampling in future OC studies and flux estimates in LIS.  
 
Keywords 
DOC, POC, carbon budgets, carbon fluxes, Long Island Sound, Middle Atlantic Bight 
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2.1  Introduction 
The coastal ocean plays a significant role in the marine cycling of carbon, despite its 
small area relative to the open ocean (Bauer et al., 2013; Hermann et al., 2014; Najjar et al., 
2010). The majority of organic matter in most estuaries is delivered via rivers (Abril et al., 2002), 
consisting mainly of terrestrial organic matter, which may be transformed, buried and exported 
to the ocean via estuaries (Canuel et al., 2012). The delivery of materials from rivers is variable 
across estuaries due to differences in freshwater loadings, nutrients and land use. Predicted shifts 
in freshwater flows are a particular concern for coastal areas, as changes in land use, hydrology 
and precipitation alter both the composition and amount of the dissolved and particulate loads 
delivered to the coast (Bauer et al., 2013; Canuel et al., 2012; Mitchell et al., 2015). Estuaries 
also vary greatly due to their size, drainage area, geomorphology, freshwater flow, and residence 
times (Canuel et al., 2012). Variations amongst estuaries influence primary production patterns 
and how they may respond to climate change (Cloern et al., 2007), which make sampling in 
individual and representative estuaries very important. 
Efforts to constrain biogeochemical contributions of estuaries to coastal and open ocean 
environments often rely on flux estimates based on multiplying the river flow rate (discharge) 
and an average concentration of the constituent of interest, such as DOC. While seasonally or 
time varying concentrations are sometimes considered in these estimates (Najjar et al., 2010), 
most do not consider how spatial and, particularly, tidal variability may affect flux estimates due 
to lack of data at this resolution. Thus, in order to more accurately constrain fluxes from 
individual estuaries, higher resolution sampling is needed to determine the sampling errors 
associated with these estimates. Such an error may be adapted in congruent systems where 
sampling data are limited in order to introduce an uncertainty to flux estimates. 
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This study focuses on Long Island Sound (LIS), a temperate, partially to well-mixed, 
macrotidal estuary on the northeast coast of the United States. It was hypothesized that there is 
significant temporal, spatial and tidal variability in carbon concentrations at the mouth of LIS 
and that LIS is an important contributor of organic carbon (OC) to the MAB. The objectives 
were to determine the uncertainty in discrete sampling associated with tidal, spatial and seasonal 
variability and constrain how OC fluxes through eastern LIS (ELIS) are impacted by these 
variations. Sampling was conducted over an entire tidal cycle at a cross section of ELIS at 
representative times of year. From these analyses, the errors associated with single point 
measurements, a common method to determine OC concentrations, were determined. 
Establishing the uncertainties with point sampling may help improve and direct further estuarine 
research.  
2.1.1 Study Area 
The Mid Atlantic Bight (MAB) is the continental shelf region along the east coast of the 
United States which stretches from Cape Cod, Massachusetts to Cape Hatteras, North Carolina. 
The MAB is highly influenced by major estuaries on the east coast, which are sources of fresh 
water from rivers, as well as terrigenous and estuarine carbon to the shelf (Najjar et al., 2018; 
Mannino et al., 2015; Vlahos et al., 2002). Estimated combined delivery of DOC to the MAB by 
the Chesapeake Bay, Delaware Estuary and Hudson Raritan Estuary accounts for 
630 × 106 kg C yr-1 (81%) of a total flux of estuarine DOC to the MAB of 770 × 106 kg C yr-1 for 
2010-2012 (Mannino et al., 2015). This estimate of DOC did not explicitly include LIS (the other 
major MAB estuary), despite its potential as a significant source of organic carbon to the MAB 
(as described below). LIS also exports directly to the Ocean Observing Initiative (OOI) located 
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in the northern MAB and is therefore an important boundary condition to this long-term 
observing platform. 
LIS (Figure 1a) is an urban estuary with an area of 3,420 km2 and a large drainage basin 
of 43,560 km2 (O’Donnell et al., 2014). LIS is an atypical estuary in that its largest freshwater 
source, the Connecticut River, empties near its mouth. LIS exchanges water with the continental 
shelf through its eastern and western boundaries. The majority of the exchange with the MAB 
occurs at the eastern boundary. This exchange is characterized by laterally and vertically offset 
inflowing and outflowing exchange flow layers with the tidally modulated Connecticut River 
plume superimposed (Whitney and Codiga, 2011). LIS also exchanges approximately 10% of its 
waters with the continental shelf at its western boundary via the East River tidal strait 
(O’Donnell et al., 2014).  
 
Figure 1. (a) Map of the Long Island Sound estuary and surrounding geography and (b) map of sampling 




Vlahos and Whitney (2017) show that OC budgets in LIS are dynamic and vary with 
river flow. The study demonstrated that when total river discharge into LIS is < 18.8 km3 yr-1, 
LIS delivers little to no net organic carbon to the continental shelf and is net heterotrophic, these 
years are considered “low flow” years. When river discharge is > 18.8 km3 yr-1, LIS exports 
organic carbon and is net autotrophic, these years are referred to as ‘high flow’ years. It is 
estimated that on average 56 × 106 kg yr-1 OC is exported from LIS, and this value may be as 
high as 180 × 106 kg yr-1 OC to the MAB in a “high flow” year (i.e. river flow into LIS of 
43.1 km3 yr-1 which occurred in 2011) (Vlahos and Whitney, 2017). These estimates are based on 
monthly DOC sampling resolution and the error associated with them due to tidal and diurnal 
sampling variations was unknown at the time. The neglected high-frequency and across-estuary 
concentration variability can significantly affect net flux values but remain unconstrained in 
current biogeochemical approaches. Though continuous sampling at many stations would be the 
best approach to resolve carbon exports, this is not practical with current sampling methods. 
Nevertheless, these uncertainties may be reduced or better accounted for by determining the 
temporal and spatial uncertainties of sampling over short term, intensified sampling events, the 
objective of the present study. 
 
2.2 Methods 
2.2.1 Shipboard Surveys 
The study transect consisted of five stations, approximately 2 km apart, along a 12 km cross 
section of ELIS near the estuary mouth (Figure 1). Sampling was conducted on the R/V Weicker 
(a 10 m long coastal research vessel) in May (18 and 19) and August (24 and 25) of 2016, on the 
R/V Connecticut (a 23 m long research vessel) during November (15 and 16) of 2016, and again 
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on the R/V Weicker in August (24 and 25) of 2017 (Table AS1). This sampling strategy aimed to 
capture representative times of year in LIS; during spring high river flow conditions, summer 
stratified periods, and fall/winter mixed conditions. To resolve the OC concentration variability 
associated with tides, samples were collected during different tidal phases: max flood, high slack, 
max ebb and low slack. These samplings allow for seasonal comparisons in 2016 and inter-
annual comparisons between August of 2016 and 2017 and provide a way to compare 
concentrations of OC constituents across tidal phases. 
 
2.2.2 Chemical Measurements 
2.2.2.1 Water Sampling 
Water samples were collected using a rosette equipped with six, 5 L Niskin bottles at each 
station at the surface (~ 2 m), middle, and bottom of the water column (Table AS1). Sampling at 
each station took approximately 15 minutes to complete. Water from rosette bottles was first 
collected in 5 L polypropylene bottles. Water was then collected from bottles using silicon 
tubing attached to a 60 mL polypropylene syringe equipped with a 3-way valve. The syringe was 
first rinsed with the water sample before filtering through a pre-combusted, pre-weighed 25 mm 
glass fiber filter (0.7 µm nominal pore size) to capture total suspended matter (TSM), particulate 
organic carbon (POC) and particulate organic nitrogen (PON). Filtered water was collected in 
40 mL pre-combusted EPA DOC vials in duplicates and sealed with Teflon lined caps. The 
filtered water was also collected in 20 mL scintillation vials for nutrient analysis in duplicates. 
Air was driven through the GF/F filters following water filtration to avoid residual water and 
salt. Filters were saved for TSM and POC analysis. DOC samples were acidified to pH 2 in the 
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field for preservation using 40 µL of 50% (v/v) HCl. Samples were kept cool while in the field 
under ice. DOC samples were refrigerated and nutrient samples frozen upon returning to the lab.  
 
2.2.2.2 Particulate Organic Carbon and Nitrogen Analysis 
GF/F filters were dried at ~ 55°C upon returning to the lab. Once dried and weighed, a 
drop of 10% (v/v) HCl was placed in the center of the filter to remove inorganic carbonate before 
being placed back in the oven for ~ 24 hours prior to elemental analysis. Particles retained on 
GF/Fs were analyzed for POC and PON using a Fisons NA 1500 series 2 elemental analyzer 
(Costech Analytical Technologies, Inc.) and a standard method based on EPA Method 440.0 
(EPA, 1997). POC Average Limit of Detection (LOD) was 2.3 µM with an instrumental error of 
< ± 0.6 µM. PON average LOD was 0.5 µM with an average replication precision of 0.08. 
Standard curves for POC and PON were generated from an Acetanilide standard (C8H9NO, 
M.W. 135.17; Costech Analytical Technologies, Inc., Valencia, CA). C/N ratios for particulates 
are calculated from POC/PON (mol/mol).  
  
2.2.2.3 Dissolved Organic Carbon and Nitrogen Analysis 
Samples were analyzed on a Shimadzu Total Organic Carbon (TOC-V) analyzer by high 
temperature combustion with chemiluminescence detection to determine DOC concentration 
using methods modified according to manufacturer’s instructions from EPA method 415.1 (EPA 
1999), SM 5310B (APHA, 2000), and Sugimura and Suzuki (1988) (LOD average: 18.3 µM; 
Average Replication Precision: 0.08). Standards for DOC were generated from a Potassium 
Hydrogen Phthalate Standard (C1H1O2C6H4CO2K, F.W. 204.22; Acros Organics) in MilliQ 
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water. Total organic carbon (TOC) was then calculated as the sum of DOC and POC 
(equation 1). 
 
[TOC] = [DOC] + [POC]      (1) 
Samples were analyzed simultaneously by the TOC-V, to determine total dissolved 
nitrogen (TDN) using the High Temperature Catalytic Oxidation (HTCO) method modified from 
Alvarez-Salgado and Miller (1998) according to manufacturer’s specifications. (LOD average: 
2.88 µM; Average Replication Precision: 0.06). TDN standards were prepared from a (Stock) 
Nitrate Standard Solution (1000ppm NO3
-; GFS Chemicals) in MilliQ water.  Nutrient samples 
were analyzed using a SmartChem 200 discrete auto-analyzer (Unity Scientific, Milford, MA). 
Analyses followed standard methods and EPA methods and were modified for use with the 
SmartChem according to manufacturer’s instructions. Ammonium was determined following the 
standard method SM4500-NH3 F (APHA, 1997). Nitrate + Nitrite (NOx) was found following 
SM 4500-NO3-E (APHA, 2011) and EPA 353.2, Rev. 2 (EPA, 1993) by Cd reduction. Nitrite 
concentrations were determined as described in SM 4500-NO2-B (APHA, 2013) and EPA 353.2 
(EPA, 1993). Dissolved organic nitrogen (DON) concentrations were then calculated by 
subtraction of inorganic nitrogen concentrations (NH4
+, NO2
-, NO3
-) from TDN concentrations as 
in equation 2.  
 
DON = TDN - [NH4
+] - [NO2
-] - [NO3
-]    (2) 




2.2.3 Statistical Analyses 
2.2.3.1 Organic Carbon Distributions 
Distribution plots were generated for DOC and POC concentrations at each tidal phase 
for each sampling event and for each season. DOC data distribution plots were generated in 
MATLAB using the Weibull probability density function (MathWorks, 2018a). A Weibull 
distribution was selected because it is a continuous probability distribution that is more flexible 
than a normal or exponential distribution. This distribution can predict the behavior of data sets 
with high variability (Lai, 2006). A chi-square test was conducted in order to measure the 
goodness-of-fit of a Weibull vs. normal distribution to the data. For the DOC data, 6 of the 8 data 
sets rejected the null hypothesis at the 6% significance level, and 4 of the 8 data sets were within 
the 1% significance level using the Weibull distribution. For the POC data, however, a normal 
distribution was chosen as the best fit based on the chi-square test where 4 of the 8 distributions 
fit the data sets at the 5% significance level (whereas only 1 of 8 were suitable Weibull 
distributions). On each plot, µ and σ are given for each distribution, which are the statistical 
mean of the distribution and one standard deviation, respectively. Average concentrations 
generated from the distribution plots were used to calculate percent error for individual tidal 
phases compared to the tidal mean. Specifically, the average concentration for the tidal average 
was subtracted from an individual tidal phase (i.e. max flood, high slack, etc.). The absolute 
value of the previous step was then divided by the tidal average and multiplied by 100 to 






2.2.3.2 Variance in Organic Carbon 
A 3-way ANOVA analysis (MathWorks, 2018b) was conducted in order to determine the 
weight associated with spatial variability (station), depth (surface, middle, and bottom of water 
column), and tidal phase.  
 
2.2.4 Physical Measurements  
2.2.4.1 River Discharge 
River discharge data are based on observations from the USGS stream gage network using 
similar methods to those described in Whitney and Codiga (2011). Daily stream flow records for 
all downstream gages within LIS watersheds are used. Discharge in ungauged coastal areas is 
estimated with the nearest stream gage and the ungauged watershed area. Discharge from all LIS 
watersheds are summed together to calculate the total LIS river discharge record. Monthly and 
seasonal averages of this daily record are used to characterize river flow conditions preceding 
each survey. 
 
2.2.4.2 Salinity and Temperature Profiles 
A Seabird SBE 19 Conductivity Temperature Depth (CTD) Profiler was used to collect 
vertical profiles of physical water properties (salinity and temperature) at each sampling station. 
This was in addition to sampling of discrete water samples as described above. 
 
2.2.4.3 Currents 
Water current data were collected using a Teledyne RD Instruments Acoustic Doppler 
Current Profiler (ADCP). A 600 kHz Workhorse Monitor ADCP was mounted in the sea-well 
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amidships in the R/V Weicker and R/V Connecticut to collect data throughout the water column. 
Position information was obtained from each ship’s GPS and was combined with the ADCP data 
stream in the RD Instruments VMDAS software and recorded on a shipboard computer. Current 
velocities were collected in 0.5 m thick vertical bins and averaged in 50 m wide horizontal 
spacing for each transect crossing. Seven to eight ADCP transect crossings were completed 
during each tidal cycle survey. Current observations were also collected while water sampling at 
each station and vertically binned in the same fashion. The along- and across-transect horizontal 
velocity components were calculated and the across-transect component was used in transport 
calculations. 
 
2.2.4.4 Determination of Fluxes 
 Fluxes were determined by interpolating concentration data to a regular grid covering the 
transect and spanning a complete tidal cycle. The grid resolution was 1 m in the vertical, 500 m 
in the horizontal (across the estuary), and 1/12 a tidal cycle in time. Each sample’s position, 
depth, and time were used and extrapolated to the surface, bottom, and shores using a nearest 
neighbor scheme. Linear interpolation was used for all other locations. Velocities were linearly 
interpolated to the same grid and times. The observed velocity data were collected across most of 
the cross-section (except near surface, bottom, and shores) for at least seven crossings during 
each tidal cycle, resulting in higher spatial and temporal coverage than carbon and nitrogen 
concentrations. A single constituent harmonic analysis for semi-diurnal lunar (M2) tides was 
conducted to determine the tidal current amplitude and phase at each grid location to build a tidal 
current time series and a mean value at each interpolation grid location.  
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The tidal averaged volume flux was then calculated over the entire cross section and 
compared to the total river discharge over the preceding week. The tidal average velocity at each 
location was corrected to force the modified tidal averaged volume flux to equal the river 
discharge. It is important to note that this net volume flux is much smaller than the inward or 
outward exchange volume fluxes. Furthermore, the velocity corrections (~ 10-3 ms-1) are orders 
of magnitude smaller than the tidal velocity amplitudes (~ 1 ms-1) and velocities of the tidal 
averaged exchange flows (~ 10-1 ms-1) (Whitney et al., 2016). The tidal velocities plus the 
modified mean were multiplied with the time varying interpolated concentrations and integrated 
over the section to give the tidally varying carbon fluxes. These were tidally averaged to yield 
the reported carbon fluxes. 
 
2.3 Results and Discussion 
2.3.1 River Discharge 
The total river discharge to LIS was evaluated monthly for 2016 and 2017 (Figure 2). 
River flow patterns include high flow during winter and spring snowmelt, followed by low flow 
periods from May to November. River discharge was 1.61, 0.51, and 0.67 km3 month-1 for the 
sampling months of May, August, and November of 2016, respectively and 6.75, 1.80, and 
1.44 km3 season-1 for the spring, summer and fall of 2016, respectively. Though the monthly 
discharge for August 2016 and 2017 were similar, the seasonal flow was higher (2.3 ×) in the 
summer of 2017 (4.18 km3 season-1). The overall fresh water flow for 2016 of 16.5 km3 yr-1, was 
26% lower than the total river flow of 22.4 km3 yr-1 for 2017. Both yearly river flow values were 
lower than the 24-year average (1993 - 2017) river flow of 24.4 km3 yr-1 in LIS. Categorically, 
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the May 2016 survey occurred during moderate discharge and the other surveys sampled low 
discharge conditions in different seasons during below average river flow years. 
 
Figure 2. Monthly river discharge (km3 month-1) to Long Island Sound for 2016 and 2017 (USGS, 2019c). 
Square markers indicate sampling events.  
 
2.3.2 Temperature and Salinity 
The tidally averaged station temperature was calculated at the surface, middle, and bottom of 
the water column for each sampling event (Table AS2). In 2016, average water temperatures 
were the lowest in May and the highest in August for all depths. In November, water 
temperatures were close to those in May and did not vary with depth due to well mixed 
conditions. In August 2017, the average water temperatures were comparable to those in August 
2016 at all depths. 
 Salinity also was recorded at the surface, middle and bottom of the water column for each 
sampling event (Table AS2). Tidally averaged cross sections of salinity for each sampling event 


































Long Island and higher at the bottom and north towards Connecticut. As expected, average 
salinity increased from max flood to high slack tide and was the highest during high slack tide as 
saltier coastal ocean water moved into the estuary (Figure AS1). Salinity then decreased when 
the tidal phase moved to max ebb and was the lowest during low slack tide, as fresher river and 
estuarine water passed through the ELIS boundary. Salinity is an excellent conservative tracer 
that can indicate the degree of water quality changes across the tidal cycle and therefore the 





Figure 3. Tidal-averaged concentrations with depth at the sampling cross section of salinity for May (A), 
August (B) and November (C) of 2016 and August of 2017 (D) sampling events; POC (µM) for May (E), 
August (F), and November (G) of 2016 and August of 2017 (H) sampling events; and DOC (µM) for May 
(I), August (J) and November (K) of 2016 and August of 2017 (L) sampling events. Tidal-averaged 
export of water into to the sound from the shelf is labelled “in” and tidal-averaged export of water from 




2.3.3 POC   
POC concentrations for the surface, middle, and bottom of the water column at each 
station for each sampling event are summarized in Table 1. Spatial, seasonal and interannual 
variations of POC at the sampled cross section are illustrated in the interpolated, tidal-averaged 
POC concentrations (Figure 3 e,f,g,h). Concentrations showed high spatial, tidal, seasonal and 
interannual variability. Importantly, the observed seasonal ranges in average surface values 
(71.4 µM range) and bottom values (34.5 µM range) are similar to or smaller than the spatial and 









Max Flood High Slack Max Ebb Low Slack 




1 48.1 53.6 57.3 54.6 55.6 54.4 17.9 74.0 63.4 118.0 55.4 83.2 
2 42.8 42.8 33.1 50.5 49.0 57.3 31.6 23.2 43.7 41.9 50.7 34.5 
3 59.2 42.5 44.2 53.3 29.5 31.2 35.5 29.0 40.5 58.5 34.6 45.7 
4 41.1 44.5 40.0 36.8 52.2 52.9 45.5 31.7 25.8 44.0 60.1 68.7 







1 119.5 131.8 86.7 127.8 93.7 101.6 118.4 106.2 77.8 150.8 106.1 106.2 
2 44.2 55.3 47.4 91.8 61.6 66.7 115.1 68.4 62.3 134.1 81.1 94.4 
3 47.8 61.1 45.9 72.9 56.5 47.6 89.3 84.1 89.2 112.4 68.6 60.1 
4 95.6 65.9 65.9 66.5 66.2 56.7 96.9 66.4 83.2 113.9 100.0 86.7 







 1 18.8 63.5 69.8 26.9 20.7 37.8 56.2 21.3 37.1 31.8 92.4 117.3 
2 44.9 18.0 22.9 29.6 10.1 43.8 12.1 29.4 41.1 12.1 33.5 45.4 
3 41.5 23.8 72.7 0.2 14.3 22.7 26.3 24.3 40.5 42.4 46.7 39.1 
4 37.9 46.4 26.3 44.8 40.8 27.9 7.8 64.8 53.6 22.5 11.1 51.0 







1 43.0 49.2 39.8 22.6 20.1 24.6 15.5 24.1 23.5 28.2 45.5 50.6 
2 29.4 29.2 38.2 16.1 11.1 12.4 34.6 21.9 17.6 27.0 27.1 27.7 
3 30.5 25.8 19.8 28.7 17.8 15.4 52.4 15.2 22.3 31.5 29.9 25.0 
4 25.6 27.0 32.5 31.7 19.0 27.9 36.8 18.6 21.2 41.2 31.2 32.4 
5 21.7 45.4 39.5 16.6 21.1 13.0 8.2 35.0 13.6 26.3 33.0 32.1 
 
Table 1. POC (µM) concentrations for the surface, middle and bottom of the water column at each station 




POC values in August 2017 were 3 - 4× lower lower than those in August 2016 
(p < 0.01) based on an unpaired t-test. Higher fresh water inputs in summer 2017 (June and July) 
may have caused greater flushing of estuarine water and shorter residence times, reducing POC 
standing stock in the estuary. This is supported by the lower average salinities in 2017 (Table 
AS2). 
The variation of average POC at the surface and bottom of the water column was 
evaluated for each sampling event in 2016 using an unpaired t-test. Overall, depth variations 
were significant for August and November 2016 (p < 0.02), but were not different in May 2016 
and August 2017 (p > 0.05). 
An across-estuary pattern of POC was evident. The highest average POC values 
generally occured at station 1 near the CT coast and CT River plume, though differences in 
values between stations were not always statistically significant. This pattern was assumed to be 
driven by station 1’s proximity to the Connecticut River and coastal upwelling of entrained MAB 
water. The total average value at station 1 was 61.3 ± 23.7 µM in May and 110.5 ± 20.4 µM in 
August 2016.  
 
2.3.3.1 POC Variability 
Variability in  POC concentrations was analyzed across a complete tidal cycle for the 
four sampling events. POC concentrations usually reflected expected tidal signatures, depicted 
best in August 2016 (Figure AS2 d,e,f), when the water column was stratified and river flow into 
LIS was the lowest of the sampling events. In general, total average POC concentrations were 
greatest during max ebb and low slack tides, when estuarine water was flushed towards the shelf. 
This pattern is clearest at the central stations (2,3,4). Tidal variations of POC concentrations 
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were interpolated at the sampled cross section during the August 2016 sampling event (Figure 4 





Figure 4. Interpolated concentrations of salinity with depth at the sampling cross section for the August 
2016 sampling event at max flood (A), high slack (B), max ebb (C) and low slack (D) tidal phases;  POC 
(µM) with depth for the summer sampling event at max flood (E), high slack (F), max ebb (G), and low 
slack (H) tidal phases; DOC (µM) with depth for the summer sampling event at max flood (I), high slack 




A 3-way ANOVA analysis was used to determine how depth, station (spatial), and tidal 
cycle contributed to variability of POC. Overall, the interaction of station and tidal cycle were 
the largest determinants for each season in 2016. Combined they accounted for 31, 21, and 23% 
of variability for Spring, Summer, and Fall of 2016, respectively. Tidal cycle alone was a 
significant contributor in spring 2016, accounting for 26% of variability.  
 
2.3.3.2 Errors Associated with POC Spot Sampling. 
In order to discern the error associated with point sampling of POC, probability density 
plots were made by compiling data by tidal phase during each season (Figure AS3) and for each 
season (tidal mean) (Figure 5). The percent error for each tidal phase against the tidal mean was 
used to determine the uncertainties associated with tidal phase sampling. The error associated 
with spot sampling of POC within a tidal cycle is lowest during low flow conditions (Summer 
and Fall 2016) and greatest during high flow conditions (Spring 2016 and Summer 2017). 
Therefore, conservative recommended sampling errors that should be applied to spot sampling in 
LIS are 18 to 31% for low flow and high flow conditions, respectively. The max ebb tidal phase 
was consistently the closest to the tidal average, and therefore the recommended target sampling 




Figure 5. Probability density plot for POC (µM) during each sampled season. 
 
2.3.3.3 Particulate C/N 
In May, the total average POC/PON ratio was the lowest at 8.1 ± 1.2, consistent with 
fresh nutrient delivery from rivers which stimulated new primary productivity (the spring 
bloom). In August 2016, C/N values increased and were the highest of all the sampling events at 
12.6 ± 4.4. This signifies either more reworked, refractory POC or a more pronounced terrestrial 
signal, though the latter is less likely as this was a particularly dry year. In November, C/N 
decreased to 9.9 ± 2.0, which may have been the result of overturned waters that resurfaced 
inorganic nitrogen from bottom waters, and the associated fall bloom (Anderson and Taylor, 
2001). C/N values in August of 2017 were the lowest of all the sampling events and very close to 
Redfield values at 6.2 ± 1.5 (Kahler and Koeve, 2001; Redfield et al., 1963), consistent with new 
in situ productivity. C/N varied little with tidal phase during the May sampling event (Figure 
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AS4 a,b,c). In August (Figure AS4 d,e,f) and November (Figure AS4 g,h,i) 2016, C/N values 




DOC concentrations were also determined for each sampling event and were highly 
variable (Table 2). The variability of DOC concentrations were less than that for POC (Table 
AS3), and can be seen in the interpolated tidal-averaged DOC concentrations (Figure 3 i,j,k,l). In 
general DOC represented 57 to 87 % of TOC in surface samples and 64 to 87 % of TOC in 
bottom water samples. Average DOC concentrations in 2016 were lowest in May and similar in 
August and November. Average DOC values in August 2017 were higher than in August 2016 
(p < 0.05) based on an unpaired t-test. The average DOC values in 2017 were also the highest of 
all the sampling events with 192.5 ± 26.6 µM at the surface and 179.1 ± 31.3 µM at the bottom. 
These values are similar to DOC concentrations derived from regional algorithms for the 












Max Flood High Slack Max Ebb Low Slack 




1 72.5 135.2 121.5 82.8 87.5 90.3 130.1 101.4 94.5 106.1 96.6 87.0 
2 117.2 126.9 68.9 98.1 91.9 90.3 98.5 100.8 95.6 110.8 157.2 107.0 
3 95.2 113.6 70.9 102.6 95.5 89.1 104.8 99.2 91.5 102.4 122.9 145.0 
4 99.2 87.9 78.3 106.6 98.5 90.7 107.2 - 102.4 98.1 98.2 87.6 







1 148.7 145.5 139.9 129.5 104.0 117.7 137.0 133.6 121.4 134.6 133.0 118.8 
2 143.1 119.1 131.6 109.1 117.4 108.1 142.5 178.2 126.9 124.4 114.8 119.8 
3 155.4 186.4 212.5 112.7 113.7 94.3 130.6 178.1 122.1 138.5 129.1 121.0 
4 200.1 150.1 231.5 131.0 183.5 103.1 150.4 134.0 117.4 128.9 115.1 98.8 







 1 237.7 173.6 128.4 128.3 131.5 121.9 152.5 153.7 127.8 126.5 124.5 113.9 
2 178.6 122.7 127.3 183.2 118.8 123.5 114.0 114.9 106.3 109.8 111.9 110.5 
3 114.2 112.3 105.5 126.4 118.8 107.2 123.9 118.7 127.3 119.8 115.4 130.9 
4 117.7 150.7 130.2 131.9 130.5 142.1 128.2 121.9 111.2 130.5 125.8 121.7 







1 175.9 185.6 170.8 184.8 152.5 144.1 224.2 172.2 130.2 221.3 170.2 188.1 
2 163.4 176.8 167.3 175.5 168.0 211.5 171.9 127.9 201.4 192.4 173.1 190.1 
3 167.2 178.4 163.4 133.2 190.2 239.0 233.6 189.6 186.9 202.0 153.4 146.3 
4 203.1 209.3 156.3 240.2 192.4 135.0 213.1 207.5 198.0 200.6 134.1 136.3 
5 168.1 199.3 199.6 191.5 180.3 221.1 180.6 169.6 213.6 206.5 192.8 182.1 
 
Table 2. DOC concentrations (µM) for the surface, middle and bottom of the water column at each station 
for all four sampling events. DOC errors were generally less than 10%. 
 
The variation in average DOC at the surface and bottom of the water column was 
evaluated for each sampling event in 2016 and the trends were similar to those for POC. In 
general, the surface-to-bottom trends mirrored the degree of water column stratification during 
these periods. Total average values of DOC were higher at the surface than the bottom of the 
water column, though they were not always statistically different. In May, the change in average 
concentration with depth was the least and in August, the variation in depth was the greatest 
(p < 0.02) between surface and bottom values. The water column variability of the tidally-
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averaged DOC values in August and November can be seen in the interpolated cross sections 
(Figure 3 i,j,k,l). A strong influence of the Connecticut River is evident at Station 1 in 
November, which likely resulted from the delivery of riverine OM to LIS following a storm 
event. The change in DOC with depth in August 2017 was smaller than in August 2016 and the 
surface and bottom values were not statistically different from each other. The across transect 
pattern seen in the POC data was not evident in the DOC data (Figure AS5), with the exception 
of the post-storm sampling event in November when DOC was the greatest at station 1. 
 
2.3.4.1 DOC Variability 
 DOC concentrations were analyzed in the water column for each sampling event across 
the tidal phases (Table 2). These values were interpolated over the sampling cross section 
(Figure 4 i.j.k.l) to visualize water column variability in August 2016. Variance (s2) was 
calculated for both POC and DOC, for all sampling events. DOC varied less than POC across a 
tidal phase for all sampling events in 2016 but was slightly larger than the POC variance in 
August of 2017 (Table AS3; Figure AS5). This implies a decoupling of DOC and POC, likely 
attributed to differences in timescales of physical mixing and biological utilization processes that 
influence each pool. These include differences in production, degradation and vertical sinking of 
particulates versus the neutral buoyancy of DOC and enhanced advection.   
  A 3-way ANOVA analysis indicated that, overall, the interaction of station and tidal 
cycle was the largest contributor in 2016 to the variability of DOC concentrations. This 
accounted for 27, 23, and 22 % of variability for May, August and November of 2016, 




2.3.4.2 Errors Associated with DOC Spot Sampling 
To further assess tidal variability and the error associated with point sampling, 
probability density plots were made by compiling data by tidal phase during each season (Figure 
AS6) and for each season (tidal mean) (Figure 6) using the tidally averaged values. The error 
associated with spot sampling of DOC within a tidal cycle was lowest during high flow 
conditions and greatest during low flow conditions and lower relative to POC in all conditions. 
Therefore, conservative recommended sampling errors that should be applied to spot sampling 
for LIS are 6 - 15 % for high flow and low flow conditions, respectively. Error associated with 
sampling for DOC during a tidal cycle did not appear to show a pattern of optimum sampling 
time during a tidal phase.  
 





2.3.4.3 Dissolved C/N 
In May, the total average DOC/DON ratio was the lowest at 15.0 ± 0.6, consistent with 
the spring bloom resulting from fresh nutrient delivery from rivers. In August 2016, dissolved 
C/N values increased and were 21.0 ± 8.0. In November, average dissolved C/N was slightly 
lower at 17.7 ± 4.9. Dissolved C/N values in August of 2017 were the highest out of all the 
sampling events at 26.5 ± 5.2. C/N ratios are consistent across tidal phases during the May 
sampling event (Figure AS7 a,b,c). In August (Figure AS7 d,e,f) and November (Figure AS7 
g,h,i) 2016, dissolved C/N values showed the same trends as the particulate C/N values and were 
high during max ebb and low slack tides, and lower during max flood and high slack tides. 
  
2.3.5 Fluxes 
The flux of POC and DOC through the ELIS boundary to the adjacent shelf for each 
sampling event is summarized in Table 3. In May, there was net export of both DOC and POC. 
In August, there was a net export of TOC from LIS, resulting from an import of DOC and an 
export of POC. In November 2016 there was a net import to LIS of both DOC and POC. While 
the total export for August of 2017 was similar to that of 2016, this value was dominated by an 
export of DOC, with a small export of POC.  
 
  May 2016 August 2016 November 2016 2016 Average August 2017 
DOC 245 -197 -618 -225 329 
POC 169 683 -102 185 29 
TOC 414 486 -720 -41 358 
 
 
Table 3. Flux (106 kg C yr-1) estimates for DOC, POC and TOC for May, August and November of 2016, 
2016 weighted average annual flux and August 2017. Positive values indicate a net export of OC from 
LIS to the shelf, and negative values indicate a net import of OC from the shelf to LIS. 
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A weighted average of the seasonal flux values for 2016 was used to estimate the annual 
flux of TOC from ELIS. For 2016, a low flow year, TOC was imported to LIS at 
41 × 106 kg C yr-1 (Table 3), based on a net DOC import and net POC export to the adjacent 
shelf. This value is consistent with predicted fluxes in Vlahos and Whitney (2017) for 2012, a 
low flow year with river discharge of 17.6 km3 yr-1. The study showed there was net import of 
TOC to LIS of 10.7 x 106 kg yr-1 with both DOC (6.0 x 106 kg yr-1) and POC (4.7 x 106 kg yr-1) 
imported from the adjacent shelf. According to Vlahos and Whitney (2017), based on river 
discharge, 2016 would have been classified as a low flow, heterotrophic year, where exports 
would have been equally balanced with import from the shelf, resulting in negative or zero net 
export to the shelf of organic carbon. Note that the results from the current study and those from 
the Vlahos and Whitney (2017) study are consistent, despite using different approaches to 
determine net flux. In 2016, LIS was a net sink for DOC in August and November and a net sink 
for POC in November. For August of 2017, TOC and DOC were exported and POC was 
imported. The differences from 2016 to 2017 are consistent with differences in riverine 
freshwater input. 
 
2.3.5.1 Implications for Fluxes 
It is important to put LIS OC fluxes in a broader MAB perspective. Based on freshwater 
discharge alone, LIS is roughly equal to the Delaware and Hudson River estuaries. Average 
freshwater discharge into LIS (1993 to 2017) is 24.4 km3 yr-1, which is slightly larger than that 
for the Delaware Bay of 18.0 km3 yr-1 (Whitney and Garvine, 2006) and the Hudson River of 
20.6 km3 yr-1 (Ralston et al., 2008; USGS, 2019a) and is nearly a third of the discharge into the 
Chesapeake Bay of 76 km3 yr-1 (Mannino et al., 2015). Comparatively, the mean surface 
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concentration of DOC in eastern LIS in 2016 was 127.2 ± 38.5 µM, which was very similar to 
estimates at the mouths of the other major estuaries along the Mid Atlantic Bight, namely the 
Chesapeake Bay (125 µM) and Delaware Bay (128 µM), but higher than that of the Hudson-
Raritan Estuary (107 µM) (Mannino et al., 2015). In these ways, LIS is similar to other MAB 
estuaries and therefore, could be an equivalent DOC source to the adjacent shelf. 
Traditional carbon export estimates often depend on freshwater flowrates scaled by 
endmember OC concentrations (Abril et al., 2002; Mannino et al., 2015; Ray et al., 2018; Vlahos 
et al., 2002). For example, if the average freshwater discharge to LIS was multiplied by the DOC 
concentration for a zero-salinity endmember, 314 µM (Mannino et al., 2015), a net export of 
DOC to the MAB of 59.6 × 106 kg C yr-1 would be predicted in 2016 (a low river flow year for 
LIS of 15.8 km3 yr-1). However, Vlahos and Whitney (2017) and this study indicate a net import 
of carbon for 2016. Though the traditional method is likely biased to predicting net export and 
overlooks in situ processes and tidal exchanges that may significantly alter OC budgets in these 
estuaries, it can be used to roughly compare the exports of carbon from the major MAB 
estuaries. Using the average flow values and the same zero salinity concentration as above, 
carbon exports were estimated for each MAB estuary. The flux for LIS was 92.0 × 106 kg C yr-1 
compared to an export of 67.9 × 106 kg C yr-1, 77.7 × 106 kg C yr-1, and 286.7 × 106 kg C yr-1 for 
the Delaware Bay, Hudson Raritan Estuary, and Chesapeake Bay, respectively. These estimates 
strongly suggest that LIS is an important source of carbon to the MAB and it is likely that, like 
LIS, these other important estuaries undergo significant interannual differences in OC exports 
and further study is warranted. 
 This study identifies the discrepancies between net OC fluxes derived from high 
resolution sampling versus lower resolution spot sampling. For LIS, the net OC export may be 
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reasonably estimated for average to high flow years using endmember concentrations and 
flowrates. For example, in 2011, the freshwater flow into LIS was 43.1 km3 yr-1, which would 
yield an export of 162.6 × 106 kg C yr-1 using the DOC zero salinity concentration method as 
above. Vlahos and Whitney (2017) estimated an export of 179.2 × 106 kg C yr-1 for 2011. 
However, this approach fails to predict the low to reverse net OC flux that occurs in low flow 
years. This may be the result of longer freshwater residence times in the estuary and net 
heterotrophic processes which reduce the amount of OC available for net export under these 
conditions. It is not known to what degree this limitation applies to the other MAB estuaries. 
There are not many studies that identify the point at which individual estuaries cease to export 
OC. In the midst of changing precipitation patterns (Bauer et al., 2013), this tipping point in 
biogeochemical cycling may become more important on a regional and global basis, though it 
relies on higher resolution studies over multiple years to discern. The implication is that the 
simple approach of multiplying surface OC concentrations by net freshwater export in estuaries 
may overestimate the OC delivered to continental margins. Higher resolution regional sampling 
will provide a more complete characterization of how rivers, estuaries and continental shelves 
interact with one another. 
 
2.4 Conclusions 
This study shows the degree to which organic carbon varies in a representative temperate 
macrotidal estuary such as LIS, due to season, depth, varying tidal periods and proximity to land 
and river sources. For both POC and DOC concentrations, the combination of spatial and tidal 
differences were large contributors to intra-survey variability and should either be measured in 
future estuarine sampling efforts or considered as sampling uncertainties. POC concentrations 
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were typically higher at station 1 near the CT River and often followed the progression of tidal 
cycles, especially during stratified times, but DOC concentrations did not. Seasonal variability of 
POC showed concentrations that were higher in the summer and lower in the fall. DOC 
concentrations were high in both the summer and fall. Inter-annual sampling in summer of 2016 
and 2017, yielded significant differences as well. 
Spot sampling within the LIS tidal estuary results in POC errors between 18 to 31%, and 
DOC errors of 6 to 15% from the tidal mean, depending on flow conditions. It is suggested that 
these errors be used and propagated to generate representative uncertainties in flux estimates for 
regional and coastal mass balances relying on small data sets. 
The higher resolution sampled POC and DOC concentrations resulted in a net import of 
TOC of 41 × 106 kg yr-1 for 2016. A traditional estuarine flux estimate for LIS could not have 
predicted net TOC input to LIS from the shelf in 2016, but rather would have resulted in an 
export based on the average zero-salinity concentrations and net freshwater inflow. This would 
be grossly misleading and reveals the importance of high-resolution surveys for assessing tidal 
system dynamics. Estimates for LIS OC exports also indicate that it is likely of equivalent 
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Abstract 
 Long Island Sound (LIS) is a highly urbanized estuary on the US east coast that 
experiences reoccurring hypoxia in the summer months with varying extent. Decreases in 
nutrient loading from waste water treatment facilities and rivers have resulted in the overall 
reduction of hypoxic extent, however, anomalously high years still occur. Efforts to constrain the 
exchange of nutrients between LIS and the Mid Atlantic Bight through its eastern boundary are 
ongoing and will help to better understand the estuarine dynamics which influence hypoxia. 
Recent estimates of nitrogen export from LIS have shown that this value varies appreciably, both 
seasonally and inter-annually, but nitrogen (N) is always exported. In this study, the spatial, tidal, 
and seasonal variability of N and phosphorous (P) were resolved by measuring nutrient 
concentrations and currents at a cross-section in eastern LIS (ELIS) near the estuary mouth. 
Results show that spot sampling in tidal estuaries can lead to spatial and tidal bias 24 - 7%, 
11 - 36% and 12 - 19% (high-low river flow conditions), for TN, DON and PON constituents, 
respectively. This uncertainty is recommended for spot sampling in future N studies and flux 
estimates in LIS. 
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From these observations, fluxes of N and P constituents were estimated for each sampling 
time and varied significantly throughout the year. Overall, a net export of TN was observed in 
the spring of 2016 and summer of 2017, and a net import of TN was observed during the summer 









Coastal regions are dynamic biogeochemical hotspots where carbon (C) and nutrient 
gradients are relatively high. Carbon, nitrogen (N) and phosphorous (P) are essential elements 
for living organisms. In coastal regions, nitrogen availability often limits primary productivity 
(Howarth and Marino, 2006). Coastal eutrophication is a global concern, as inputs of excess 
nutrients from waste water treatment facilities and agricultural runoff (Howarth, 2008) can 
drastically alter the ecosystem dynamics, increasing primary productivity. These stressors may 
lead to hypoxic conditions and have devastating effects on organisms (Diaz, 2001). Such is the 
case in Long Island Sound (LIS), a highly urbanized estuary, adjacent to the Mid Atlantic Bight 
(MAB) continental shelf region. 
In LIS, hypoxia re-occurs yearly between June and September in the western and central 
regions (Varekamp et al., 2014). This is attributed to increased nutrient fluxes, particularly N, 
during the last 100-200 years as indicated by sediment core studies (Varekamp et al., 2014; 
Lugolobi et al., 2004). Ongoing initiatives to reduce the loading of anthropogenic N to LIS has 
led to improvement in hypoxic areal extent in recent years, however, anomalously high years are 
still a concern and warrant further study in the dynamics of N (and P) in LIS in order to better 
predict these events. 
Efforts to establish a biogeochemical budget for LIS are ongoing but have led to new 
insights in the dynamics of the estuary. LIS exchanges with the MAB primarily through its 
eastern ocean boundary and less so (~10%) at its western boundary through the East River tidal 
straight (O’Donnell et al., 2014). The contribution of LIS to the MAB biogeochemical budgets 
were not known during recent attempts to constrain MAB C (Mannino et al., 2015; Najjar et al., 
2018; Vlahos et al., 2002) and N budgets (Fennel et al., 2006). 
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Recently, LIS carbon and nitrogen budgets have been assessed using a 20-year time 
series based on monthly surveys by the Connecticut Department of Energy and Environmental 
Protection (CT DEEP). These studies have shown that LIS switches from net export of carbon to 
net import of carbon, in relation to the MAB, when freshwater inputs from rivers decrease below 
18.8 km3 yr-1 (Vlahos and Whitney, 2017). Byrd et al. (2019) (Chapter 2) developed higher 
resolution tidally averaged fluxes across eastern LIS (ELIS) in order to compare fluxes from 
these two studies and determine uncertainties attributed to sampling resolution. Nitrogen budgets 
have recently been estimated (Vlahos et al., 2019) based on the same monthly sampling 
resolution as the carbon estimates by Vlahos and Whitney (2017). The RMSE associated with 
the nutrient fluxes was 5% with interannual standard deviations of 83%, however, the CT DEEP 
sampling resolution cannot account for spatial and tidal differences in concentrations which may 
affect flux estimates. This study aims to constrain nutrient uncertainties associated with spatial 
and tidal variability to resolve this key issue and includes phosphate as a non-limiting LIS 
nutrient for comparative purposes. By applying these uncertainties to flux estimates across an 
ELIS boundary, this analysis demonstrates how nitrogen and phosphorous fluxes from the 
eastern LIS boundary may be affected by tidal, spatial and seasonal variations. 
  
3.2 Methods 
3.2.1 Shipboard Surveys 
The sampling strategy followed was described in Byrd et al. (2019) (Chapter 2). Briefly, a 
cross section in ELIS (Figure 1) was sampled during representative times of year- May (18 and 
19; high flow), August (24 and 25; stratified), and November (15 and 16; mixed conditions)- to 
assess intra-annual variability in 2016. August (24 and 25) of 2017 was also sampled to resolve 
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inter-annual variability. Samples were collected over an entire tidal cycle during max flood, high 
slack, max ebb and low slack tidal phases at a cross section of ELIS (Figure 1b) to evaluate 
spatial and tidal phase variability. 
 
Figure 3. (a) Map of the Long Island Sound estuary and surrounding geography and (b) map of sampling 
stations across eastern LIS. (Adapted from USGS, 2019b) 
 
3.2.2 Chemical Measurements 
Water sampling was conducted as described in Byrd et al. (2019) (Chapter 2). 150 ml of 
water was filtered through a glass fiber filter (GF/F) (0.7 µm nominal pore size) to collect 
particulates. 40 ml (duplicates) of filtered water was collected and acidified to pH 2.5 for total 
dissolved nitrogen (TDN) analysis and 20 ml (duplicates) was collected and frozen for dissolved 
nutrient analysis of nitrate (NO3
-), nitrite (NO2
-), ammonium (NH4
+) and phosphate (PO4
2-). 
Filters were saved for the analysis of particulate organic nitrogen (PON). Particles retained on 
GF/F filters were analyzed for particulate organic nitrogen (PON) using a Fisons NA 1500 series 
2 elemental analyzer (Costech Analytical Technologies, Inc.) and a standard method based on 
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EPA Method 440.0 (EPA, 1997). PON average LOD was 0.5 µM with a replication precision of 
0.08. Standard curves for PON were generated from an Acetanilide standard (C8H9NO; Costech 
Analytical Technologies, Inc., Valencia, CA). Particulate nitrogen includes inorganic and 
organic nitrogen that was retained on the filter. However, particulate inorganic nitrogen is 
assumed to be a very small portion of particulate nitrogen and from herein will be treated as 
particulate organic nitrogen (PON).   
Total dissolved nitrogen (TDN) was determined using a Shimadzu Total Organic Carbon 
(TOC-V) analyzer following the High Temperature Catalytic Oxidation (HTCO) method, 
modified according to manufacturer’s instruction from Alvarez-Salgado and Miller (1998). 
Standards were prepared from a (stock) Nitrate Standard Solution (1000 ppm NO3
-, GFS 
Chemicals) in MilliQ water. Average limit of detection for TDN was 2.88 µM with an average 
replication precision of 0.06. Nutrient samples were analyzed using a SmartChem 200 discrete 
auto-analyzer (Unity Scientific, Milford, MA). Analyses were conducted according to standard 
methods and EPA methods which have been modified according to manufacturer’s instructions 
to use with the SmartChem. Standard method SM4500-NH3 F (APHA, 1997) was followed in 
order to determine ammonium (NH4
+). Standards were made from a (stock) Ammonia Nitrogen 
Standard (1216 ppm NH3, RICCA Chemical Company, Arlington, TX). Average LOD for NH4
+ 
was 0.1 µM with an average replication precision of 0.1. Nitrate (NO3
-) + Nitrite (NO2
-) (NOx) 
was determined by following SM 4500-NO3-E (APHA, 2011) and EPA 353.2, Rev. 2 (EPA, 
1993) by Cd reduction .Standards were prepared from NO3
- Nitrogen Standard (4427 ppm NO3
-, 
RICCA Chemical Company, Arlington, TX). Average LOD for NO3
- (+ NO2
-) was 0.4 µM with 
a replication precision of 0.09. Nitrite concentrations were determined according to SM 4500-
NO2-B (APHA, 2013) and EPA 353.2 (EPA, 1993). Standards were prepared from a (stock) 
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Nitrite Standard (1000 ppm NO2
-, RICCA Chemical Company, Arlington, TX). Average LOD 
for NO2
- was 0.1 µM with an average replication precision of 0.007. Dissolved organic nitrogen 
(DON) concentrations were then calculated as a difference of TDN and dissolved inorganic 
nitrogen (DIN) constituents (NH4
+, NO2
-, NO3
-) as in equation 1.  
 
DON = TDN - [NH4
+] - [NO2
-] - [NO3
-]    (1) 
Total nitrogen (TN) is calculated from TDN and PON, as in equation 2. 
 TN = TDN + PON       (2)  
 Ortho-Phosphate (PO4
3-) concentrations were determined using the standard method SM 
4500-P-E (APHA, 1999), modified according to manufacturer’s instructions for use with the 
SmartChem. Standards were made from a (stock) Phosphate Standard (1000 ppm PO4
3-, RICCA 
Chemical Company, Arlington, TX). Average LOD for PO4
3- was 0.03 µM with an average 
replication precision of 0.08 
 Concentrations were utilized to generate flux estimates as described in Byrd et al. (2019) 
(Chapter 2). 
 
3.2.3 Statistical Analyses 
Distribution plots were generated for TN, PON, DON and PO4
3- concentrations for each tidal 
phase for each sampling event and for each season using tidal averages. Distribution plots were 
generated using a normal distribution. A chi-square test was conducted in order to measure the 
goodness-of-fit of a normal distribution to the data. For the TN data, 5 of the 8 data sets rejected 
the null hypothesis at the 10% significance level. For TON, 5 of the 8 data sets rejected the null 
hypothesis at the 5% significance level. For PON, only 2 of the 8 data sets rejected the null 
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hypothesis at the 6% significance level. Lastly, for PO4
3-, 8 of 8 data sets rejected the null 
hypothesis at the 3% significance level. On each plot µ and σ are given for each distribution, 
which are the statistical mean of the distribution and one standard deviation, respectively. 
Average concentrations generated from the distribution plots were used to calculate percent error 
for individual tidal phases compared to the tidal mean. Specifically, the average concentration 
for the tidal average was subtracted from an individual tidal phase (i.e. max flood, high slack, 
etc.). The absolute value of the previous step was then divided by the tidal average and 
multiplied by 100 to calculate the percent deviation of an individual tidal phase from the tidal 
mean. 
 
3.3 Results and Discussion 
3.3.1 River Discharge 
 LIS river discharge values were obtained from the USGS (USGS, 2019a). Monthly 
discharge was 1.61, 0.51, and 0.67 km3 month-1 for May, August, and November of 2016, 
respectively. Seasonally, spring discharge was 6.75 km3 season-1, and was much greater than the 
summer and fall at 1.80 and 1.44 km3 season-1, respectively. The Summer seasonal discharge in 
2017 was greater than in 2016 at 4.18 km3 season-1, but the monthly discharge was nearly the 
same. Overall freshwater flow into LIS was 16.5 km3 yr-1 in 2016 and 22.4 km3 yr-1 in 2017.  
 
3.3.2 Temperature and Salinity 
Temperature and salinity profiles during cruises are described in greater detail Byrd et al., 
(2019) (Chapter 2). Tidally averaged station temperature at the surface, middle, and bottom of 
the water column for each sampling event were calculated (Table BS2). Temperatures were the 
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lowest in May and the highest in August 206. In November, water temperatures were similar to 
those in May. In August 2017, the average water temperatures were comparable to those in 
August 2016. 
 Salinity was recorded at the surface, middle and bottom of the water column for each 
sampling event (Table AS2). Salinity was generally lower at the surface and south towards Long 
Island and higher at the bottom and north towards Connecticut. Average salinity was highest 
during high slack tide and lowest during low slack tide. 
 
3.3.3 TN 
TN concentrations were calculated for each sampling event (Table BS1) and were 
evaluated for seasonal, spatial and tidal variations. Tidally averaged TN was 14.5 ± 2.8 µM 
(where ± values indicate standard deviation of the mean) in the spring and increased to 15.8 ± 
5.7 µM in the summer but were not statistically different (p > 0.05, based on an unpaired t-test). 
TN then decreased to 13.6 ± 4.4 µM in the fall and was lower than in the summer (p < 0.05), but 
not when compared to the spring (p > 0.05). Tidally averaged TN was greater in the summer of 
2016 than in the summer of 2017 (14.0 ± 1.4 µM) (p < 0.05).  
Variations of TN with depth during each season showed that tidally averaged 
concentrations of TN at the surface were not different than those at the bottom for all sampling 
times (p > 0.05). Spatial variation in TN across the transect showed that average TN at station 1 
was always significantly greater than the other stations across all sampling events except 
November, likely due to the strong influence of the CT River plume. Spatial variations in tidally 
averaged TN can be seen in the interpolated cross sections for each season (Figure BS1 a,b,c,d). 
DIN made up only a small portion of the TN pool during all seasons. Total water column 
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averages of DIN ranged from 8.1 ± 6.5% in August 2016 to 18.3 ± 4.7% in November 2016. 
DON ranged from 46.4 ± 11.9% (August) to 60 ± 12.5% (November) of the TN pool. PON 
ranged from 28.2 ± 8.0% (November) to 46.3 ± 11.4% (August) of the TN pool. 
In August of 2016, average TN at station 1 was greater than in August of 2017, which 
was likely the result of increased N inputs from higher river flow (Vlahos et al., 2019). DIN 
made up a much larger percent of the TN pool in August 2017 than in August of 2016, however 
the DON pool was similar.  
Tidal trends associated with TN changed seasonally. In May, TN was generally greater 
during max ebb and low slack tides, likely due to greater concentrations in estuarine water. In 
August and November, TN appears to have been elevated during max flood and high slack tides. 
In August 2017, there are no discernable trends with tidal phase.  
 Figure 2 compares data from this study to the CT DEEP data for overlapping station 2 
(CT DEEP station K2). Values are comparable, though it is clear there are significant tidal 
variations in the TN values that the CT DEEP sampling resolution may not be able to account 
for. In order to constrain this uncertainty, probability density plots were generated to determine 
the errors associated with point sampling for TN. Plots were made for each tidal phase during 
each season (Figure BS2) and for each season (tidal mean) (Figure 3). As described in the 
methods section (3.2.3), by comparing the mean for each tidal phase to the tidal mean, percent 
errors associated with each tidal phase were determined. The error associated with TN discrete 
sampling was lowest during sampled high flow conditions (Spring 2016 and Summer 2017) and 
greatest during sampled low flow conditions (Summer and Fall 2016). Therefore, conservative 
recommended sampling errors for TN that should be applied to discrete samples in LIS are 




Figure 2. Concentrations of TN from CT-DEEP times series measurements at station K2 at the surface 
(dotted line) and bottom (solid line) and TN concentrations at station 2 from the present study at the 
surface (open circles) and bottom (open triangles). 
 



























































 PON concentrations for each sampling event are presented in Table BS2. In 2016, 
average PON in the spring was 6.0 ± 2.4 µM with a range of values from 1.8 to 14.2 µM. In the 
summer, average PON increased (p < 0.05) to 7.5 ± 4.2 µM, as well as the range. PON was the 
lowest (p < 0.05) in the fall at 4.1 ± 1.6, with the smallest range. PON in August 2017 was 
4.3 ± 1.1 and lower than in August 2016 (p < 0.05).  
 Spatially, PON was generally greater at station 1 compared to the other stations. Surface 
to bottom averages were only different (p < 0.05) in August 2016 when the surface was greater 
than the bottom. Spatial trends in tidally averaged PON can be seen in the interpolated cross 
sections for each season in Figure BS1 (e,f,g,h). PON showed no distinct trends with tidal phase 
for any of the sampling events. 
 In order to constrain the uncertainty associated with discrete sampling of PON, 
probability density plots were made for each tidal phase during each season (Figure BS3) and for 
each season (tidal mean) (Figure 4). Conservative recommended sampling errors that should be 





Figure 4. Probability density plot for PON (µM) during each sampled season. 
 
3.3.5 DON 
 Dissolved organic nitrogen (DON) concentrations were calculated for each sampling 
event (Table BS3). Tidally averaged DON concentrations ranged from 7.1 ± 2.4 to 8.1 ± 3.2 µM 
in 2016. DON concentrations were the lowest in the summer when productivity was high and 
river inputs were low and was highest in the fall when productivity was low and greater 
recycling/breakdown of nutrients occurred in the estuary. This was reflected in PON 
concentrations as well, which showed the opposite trend, with greater concentrations during 
times with higher productivity. Total average concentrations of DON in August of 2016 were not 
different than the total average in August of 2017 (p > 0.05). 
 In general, total average DON concentrations at station 1 were not statistically greater 
than at other stations except in August 2017. DON was greater (p < 0.05) at the surface than at 
the bottom of the water column for all sampling events, except for the summer of 2016. Spatial 
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trends in DON can been seen in the tidally averaged cross sections for each season in Figure BS1 
(i,j,k,l). 
  Trends associated with tidal phase changed seasonally. In May, DON concentrations did 
not show a distinct trend. In the August and November, DON was greater during max flood and 
high slack, indicating greater DON on the shelf compared to the estuary. In August of 2017, 
DON showed little variation with tidal phase.  
 In order to constrain the uncertainty associated with discrete sampling of DON, 
probability density plots were made for each tidal phase during each season (Figure BS4) and for 
each season (tidal mean) (Figure 5). Conservative recommended sampling errors that should be 
applied to spot sampling of DON in LIS are 36 - 11% for high flow and low flow conditions, 
respectively. 
 






 Seasonally, tidally averaged DIN was statistically the same in May and August of 2016. 
Concentrations ranged from 0.2 to 7.1 µM in May and 0.02 to 6.9 µM in August. Average DIN 
increased in November, however, the range of concentrations was smaller between 
1.6 to 4.1 µM. In August of 2017, DIN was greater than in August of 2016 with a smaller range 
in concentrations of 0.8 to 4.7 µM. 
 In May of 2016, the majority of the DIN pool was in the form of NH4
+ (74.1 ± 22.0 %) 
with the rest in the form of NO3
- (28.9 ± 25.2 %). In August, DIN shifted to roughly equal 
contributions of NH4
+ and NO3
-. The composition of the DIN pool was consistent in August of 
2017 with 56.5 ± 10.6% NH4
+ and 43.5 ± 10.6% NO3
-. In November of 2016, there was no NH4
+ 
present and the DIN pool was roughly half NO2
- and half NO3
-. 
 As in the other dissolved pools, spatial differences between station 1 and the other 
stations were almost never significant. Surface to bottom differences were not significant in 
2016. In August of 2017 bottom average DIN was greater than at the surface (p < 0.05). 
 Trends in DIN with tidal phase were minor during May and August 2016, which can be 
attributed to lower standing concentrations during these times of year. In November, DIN 
appears to be greater during max flood and high slack tides, indicating the estuary is more 




Ammonium was detected in 3 out of the 4 sampling events (Table BS4). In May of 2016, 
tidal averaged NH4
+ was 1.0 ± 0.5 µM. This was greater (p < 0.01) than in August, when NH4
+ 
was 0.6 ± 0.5 µM. Tidally averaged NH4




+ concentrations could be attributed to freshwater flow into the estuary as greater 
NH4
+ was observed during times with higher riverine inputs and lower concentrations were 
observed during times with lower inputs. However, concentration patterns may also be attributed 
to productivity and the bioavailability of NH4
+, as lower concentrations were observed during 
times of higher productivity and higher concentrations were observed during lower productivity.   
Across estuary differences were generally not significant when station 1 was compared to 
the other sampled stations. In August of 2016 station 1 was lower than at station 4 and 5 
(p < 0.05). Surface and bottom concentrations were not different in 2016 (p > 0.05), but in 
August of 2017 they were greater at the bottom than at the surface (p < 0.05). In general, there 






- (Table BS5) was low in May 2016 with a tidal average of 0.5 ± 0.8 µM, likely the 
result of high consumption during the spring bloom. NO3
- average concentrations increased in 
August to a tidal average of 0.6 ± 1.0 µM, but were not significantly different than in May, as 
productivity was likely still high during the summer. In November, NO3
- increased to 
1.1 ± 0.5 µM due to low productivity. The tidal average in August 2017 was greater than in 2016 
(p < 0.05) at 1.1 ± 0.3 µM, which may be attributed to greater freshwater inputs than in 2016, 
which deliver nutrients to the estuary. 
 Spatially, surface to bottom differences in 2016 were not significant. However, in August 
2017 surface NO3
- was lower than at the bottom. Station 1 concentrations were significantly 




Tidally, there were no discernable trends in NO3
- during May and August of 2016 and 
often was not present or below the limit of detection. This was likely due to general depletion. In 
November when the productivity was lower, NO3
- was present during all tidal phases and was 
generally greater during max flood and high slack tides. This could signify that the relatively 
warmer estuary was more productive than the adjacent shelf during this time. In August of 2017, 
like in 2016 there were no discernable trends with tidal phase, however, concentrations were 





- (Table BS6) was only above detection limits (> 0.1 µM) during the November 
sampling event. Concentrations ranged from 1.0 to 2.2 µM with a tidal average of 1.2 ± 0.2 µM. 
Spatially, concentrations at station 1 were not different than those at stations 2 and 3 (p > 0.05) 
but was lower than at stations 4 and 5 (p < 0.05). Surface to bottom concentrations were not 
different (p > 0.05). There were also no apparent trends in NO2





3- (Table BS7) was the lowest in May with a tidal average of 0.5 ± 0.1 µM. 
Concentrations then increased to 0.9 ± 0.2 µM in August and were statistically the same in the 
November. The tidal average in August of 2017 was 0.9 ± 0.3 µM and was not different than in 
August of 2016 (p > 0.05).  
 Spatial differences in PO4
3- varied with season. In May and August, PO4
3- was 
statistically the same at all stations, with some localized elevations in concentrations. In August 




3- were only significant in August of 2016 and was greater at the surface than in the 
bottom corresponding to thermal stratification and input of PO4
3- from rivers combined with low 
river discharge. 
 Tidally, PO4
3- concentrations were greater during max flood and high slack tides in the 
May, due to greater depletion in the estuary as a result from the spring bloom. In August of 2016, 
PO4
3- appeared to have increased during max ebb and low slack tides at the surface. During the 
other sampled months no distinct tidal signatures were present. 
 In order to constrain the uncertainty associated with discrete sampling of PO4
3- 
probability density plots were made for each tidal phase during each season (Figure BS5) and for 
each season (tidal mean) (Figure 6). Conservative recommended sampling errors that should be 






Figure 6. Probability density plot for PO4





 N:P ratios (using DIN/PO4
3-) were calculated for each season. All instances show that the 
region was nitrogen limited (Table BS8) based on Redfield ratios (Kahler and Koeve, 2001; 
Redfield et al., 1963). Total average N:P in May 2016 was 3.1 ± 2.9 and decreased in August to 
1.4 ± 1.5. N:P was greatest in November at 4.1 ± 1.2, resulting from less biological utilization of 
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N. In August of 2017, N:P was greater than in August 2016 at 3.2 ± 1.0, which may have been 
the result of greater riverine inputs of N.  
 The average N:P at station 1 was rarely different than any other stations. Surface to 
bottom differences were not significant in 2016. In the summer of 2017, surface N:P was lower 
than at the bottom of the water column, likely the result of greater productivity at the surface. 
N:P showed no distinct trends with tidal phase. 
 
3.3.9 Fluxes 
Table 1 summarizes the tidally averaged fluxes across the transect for all 4 sampling 
events. In May, all forms of nitrogen were exported from LIS. In August, nitrogen was imported 
and in November, a larger import of nitrogen occurred. In August of 2017, nitrogen was exported 
from LIS, characterized by a large import of inorganic nitrogen and larger export of organic 
nitrogen. This is consistent with low flow conditions in summer of 2016 and greater freshwater 










  May 2016 August 2016 November 2016 August 2017 
TN 5.4 -10.8 -24.9 0.014 
PON 4 -2.7 -5.4 2.0 
DON 1.1 -4.8 -22.9 0.093 
NH4+ -0.6 -1.3 0.0008 -1.0 
NO3- 0.4 -1.6 -3.0 -1.1 
NO2- 0.0024 0.0007 0.2 0.001  
PO42- -0.9 0.8 -0.1 -1.5 
 
Table 1. Flux estimates for TN, PON, DON, NH4+, NO3-, NO2- (106 kg N month-1) and PO42- (106 kg P 
month-1) for each sampling event. Positive values indicate a net export to the shelf and negative values 
indicate a net import from the shelf to LIS. 
 
TN dynamics are based on shorter timescales that those of organic carbon. CT DEEP 
survey data (Figure 2) for 2016 illustrates the large monthly variations in TN. This makes 
extrapolating out three 2016 sampling events to the entire year less appropriate. A very rough 
weighted average of the seasonal fluxes in 2016 was generated from monthly flux values, based 
on the representative occurrence and patterns in the CT DEEP time series (Figure 2), would 
result in a net TN export of 2.1 x 106 kg N yr-1. However, this approach does not capture the 
magnitude of the significant TN export between January to April 2016 and the variability 
between September to December. Despite these shortfalls, this value is consistent with the 
estimate made by Vlahos et al. (2019) for 2016 of 4.6 x 106 kg N yr-1. The study also estimates a 
yearly average export of 10.8 x 106 kg N yr-1 through the ELIS boundary and that nitrogen is 
exported during all flow years, with high inter-annual variation. However, TN may be imported 
or exported on short (monthly) time scales and appears to be much more complex than organic 
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carbon (Vlahos et al., 2019). Therefore, reliably extrapolating TN tidal fluxes over longer 
periods does not appear appropriate at the sampling resolution of this study.  
 
3.4 Conclusions 
 The seasonal nitrogen concentrations presented for 2016 indicated a typical nitrogen 
cycling picture as would be expected for Long Island Sound. The percent of the PON, DON and 
DIN constituents of the TN pool for each season is presented in Figure 7. Overall, TN 
concentrations changed little between seasons, but the form that N was in did change with 
season. This can be attributed to N loading from rivers and utilization by primary producers. In 
May, DON accounted for nearly half of the TN pool, while PON was 41%, and NH4
+ and NO3
- 
made up 7 and 3%, respectively. In August, DON decreased slightly, with a subsequent increase 
in POC, indicative of a greater biomass of primary producers and more recycling of the DON 
pool. This was also reflected in the decrease in NH4
+ to only 4% of the TN pool. In November, 
primary productivity was the lowest of the sampled seasons in 2016 and was reflected in the 
decrease in PON to 28% and increase of DON to 56%, as biomass was broken down in the water 
column. This was also evident in the increase of NO3
- to 8% and the presence of NO2
- at 8%, the 





Figure 7. Each pie graph represents the total nitrogen pool for each sampling event. Parts of the TN pool, 
DON, PON and DIN constituents are indicated by the different colors and are given as % of the whole 
(TN concentration). 
 
When August of 2017 was compared to August of 2016, obvious differences were seen 
between these two years. PON in 2017 was less than in 2016 and made up only 31% of the TN 
pool. The inorganic nutrients in 2017 were much greater than in 2016 at 11% for NH4
+ and 8% 
for NO3
-. These patterns indicate that 2016 was a more heterotrophic year than 2017. This can be 
attributed to the river flow pattern for these two years. In the low flow year of 2016, the 
movement of nutrients through the estuary was slower, allowing time for the bacterial 
community to form, raising the standing biomass and increasing the %PON. In 2017, a more 
normal flow year, nutrients moved faster through the estuary and there was not enough time for 
respiration to take over. 
 Results indicate that seasonal, spatial and tidal variability greatly affect nutrient 
concentrations in LIS. While significant differences in TN concentrations were not present 
between sampling events, PON and DON concentrations did change significantly. Differences 
were also seen in the individual inorganic nutrient constituents as the pool changed during 
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different with season. Spatial importance was evident in samples taken at station 1, the sampling 
spot closest to the CT River. Samples of TN and PON were often greater at station 1 than at the 
other sampled stations but varied with season. DON and DIN concentrations were generally not 
affected by the river inputs.  
Tidal variations often did not show clear tidal signatures but can greatly affect sampled 
concentrations as indicated by wide spreads in concentrations when sampled during different 
tidal phases. Discrete sampling within the tidal dominated LIS estuary resulted in uncertainties of 
24 - 7%, 11 - 36% and 12 - 19% (high - low river flow conditions), for TN, DON and PON 
constituents, respectively. Uncertainties associated with PO4
3- were 16 - 11% (high - low). Errors 
associated with discrete sampling can be used to generate uncertainties associated with future 
flux estimates and propagated through mass balances. 
This higher resolution sampling of nutrients in LIS indicated that net fluxes of N and P vary 
seasonally, and likely on even shorter time scales (monthly) and possibly with episodic events. A 
weighted average of seasonal TN exports yielded a small export of 2.1 x 106 kg N yr-1 for 2016, 
with high intra-annual variability. In May of 2016, net export of TN occurred, while a net import 
of TN occurred in August and November of 2016. A net export of TN was estimated in August 
of 2017, which can likely be attributed to the higher river flow rates during that time. The results 
of this study demonstrate that nitrogen dynamics in LIS are very dynamic and more complex 
than those of carbon. Fluxes utilizing values taken monthly, at one station, unfortunately cannot 
capture the spatial and tidal variability of N that changes on short time scales. Accurately 






Summary and future work 
 This research is focused on the exchange of carbon and nutrients through the ELIS shelf 
boundary in 2016. Freshwater discharge to LIS in 2016 was the lowest that had occurred since 
1984. This study helps to understand what happens to carbon and nitrogen dynamics in LIS 
during an extreme low flow year. This year was a characteristically heterotrophic year and the 
extent of LIS hypoxia was significantly greater than average. With that in mind, it is expected 
that the resulting fluxes represent a lower bound in the ELIS export of C, N and P. 
Spatial variations across the ELIS transect show significant effect on the representative 
accuracy of single carbon and nutrient concentrations in the LIS estuary. When sampling in LIS, 
the proximity to the CT river is important, as river inputs are suspected to affect the 
concentrations of biogeochemical constituents. Both POC and PON concentrations were often 
higher at station 1 compared to the other stations in the transect. However, DOC, DIN, DON and 
PO4
3- concentrations did not display these spatial trends. The particulate signal was large enough 
to dominate TN concentrations which were always greater at station 1, except during well mixed 
conditions in LIS. 
 The effect of tidal variability on carbon and nitrogen concentrations was significant and 
changed seasonally. Tidal influence was greatest for POC and PON as differences in 
concentrations reflected expected tidal signatures, especially during stratified periods with low 
river flow. DOC and DON concentrations varied less with tidal phase. DIN was very seasonally 
dependent due to depletion and tidal variations were similar to those of DON.  Phosphate varied 
little with season and tidal phase. 
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Tidal variations were used to estimate errors associated with discrete sampling in LIS 
which can be propagated when estimating fluxes for regional and coastal mass balances. 
Sampling errors associated with tidal phase corresponded to seasonal flow conditions in LIS and 
should be used accordingly. Conservative recommended sampling errors for POC range from 
18 - 31% and for DOC are 6 - 15%.  Sampling errors for TN, DON and PON were 7 - 24%, 
11 - 36% and 12 - 19%, respectively. PO4
3- errors are modest at 11 - 16%. 
This tidally resolved sampling resulted in a net import of TOC of 41 × 106 kg yr-1 (DOC 
import of 225 × 106 kg yr-1  and POC export of 185 × 106 kg yr-1) for 2016 in LIS and a small net 
export of TN of 2.1 x 106 kg N yr-1. It should be acknowledged that these flux estimates are 
based on a roughly weighted average from three sampling surveys in 2016 and may not be able 
to account for high spring flow conditions and episodic events. This study demonstrated that 
depending on season, significant net import of OC and TN can occur, and N dynamics are more 
complex and variable than those of OC. These results contrast traditional flux estimates that 
generate fluxes based on average zero-salinity concentrations and net freshwater flow, which 
bias estuaries as net exporters of biogeochemical constituents and do not account for the many 
physical and chemical processes that affect C and N budgets in estuaries. Tidal-resolved surveys 
can help further constrain system dynamics. Estimates of OC exports from LIS show that it is 
likely an equivalent source of OC to the MAB as other major MAB estuaries and should be 
considered in future carbon budgets. 
These studies will help to improve the understanding of the biogeochemistry of the LIS 
estuary. They are important in helping predict future conditions in LIS, including hypoxia. 
Efforts to further understand LIS biogeochemistry are needed as the current predictive ability is 
poor. These include constraining carbon and nutrient fluxes at the WLIS boundary through the 
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east river tidal strait, as this may be an important source of N to WLIS and contribute to hypoxia. 
Comparative studies in high flow years would also be of great value. In addition, carbon and 
nitrogen utilization rates are currently unconstrained, making predictability a challenge. 
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Station 1 41˚ N 15.6218' 72˚ W 16.3699' 19 
Station 2 41˚ N 14.0580' 72˚ W 15.9480' 37 
Station 3 41˚ N 12.6906' 72˚ W 15.8238' 48 
Station 4 41˚ N 11.3582' 72˚ W 15.5756' 44 
Station 5 41˚ N 10.0259' 72˚ W 15.3274' 34 
Table AS1. Latitude and Longitude, and approximate depth of each sampled station. 
 
  Surface Average Middle Average Bottom Average 
  Temp. Salinity Temp. Salinity Temp.  Salinity 
May-16 11.2 ± 0.4 28.4 ± 0.5 10.3 ± 0.2 29.5 ± 0.3 10.2 ± 0.2 29.8 ± 0.3 
Aug-16 22.3 ± 0.6 30.3 ± 0.3 21.6 ± 0.5 30.6 ± 0.2 21.4 ± 0.4 31.5 ± 0.2 
Nov-16 13.9 ± 0.2 31.4 ± 0.4 13.9 ± 0.1 31.5 ± 0.3 13.9 ± 0.1 31.5 ± 0.3 
Aug-17 21.4 ± 0.7 28.7 ± 2.0 20.5 ± 0.4 29.7 ± 0.3 20.7 ± 0.3 29.8 ± 0.4 
Table AS2. Average temperature (˚C) and salinity (PSU) at the surface, middle and bottom depths for 
each sampling event. Error (± values) associated with C/N values indicate the spatial standard deviation 
of the tidal mean. 
 
  Variance (s2) 
  POC DOC 
May 2016 470.1 179.6 
Aug 2016 622.8 320.0 
Nov 2016 717.0 245.3 
Aug 2017 232.7 242.7 





Figure AS1. Average water column salinity (PSS) at each station during each tidal phase for the 4 








Figure AS2. Concentrations of POC (µM) in the water column at the (a) surface, (b) middle, and (c) 
bottom for May sampling event; at the (d) surface, (e) middle, and (f) bottom for the August sampling 
event;  at the (g) surface, (h) middle, and (i) bottom for the November sampling event; and at the (j) 





Figure AS3. Probability density plots of POC (µM) for each tidal phase during the spring 2016 (a), 




Figure AS4. Particulate C/N (mol/mol) in the water column at the (a) surface, (b) middle, and (c) bottom 
for May sampling event; at the (d) surface, (e) middle, and (f) bottom for the August sampling event;  at 
the (g) surface, (h) middle, and (i) bottom for the November sampling event; and at the (j) surface, (k) 
middle, and (l) bottom for the August 2017 sampling event. Error bars represent propagated standard 
deviations. 
 
Figure AS5. Concentration of DOC (µM) in the water column at the surface (a), middle (b), and bottom 
(c) for May sampling event; at the surface (d), middle (e), and bottom (f) for the August sampling event; 
at the surface (g), middle (h), and bottom (i) for the November sampling event; and at the surface (j), 
middle (k), and bottom (l) for the August 2017 sampling event. Error bars indicate standard deviation 




Figure AS6. Probability density plots of DOC (µM) for each tidal phase during the spring 2016 (a), 
summer 2016 (b), fall 2016 (c), and summer 2017 (d). 
 
Figure AS7. Dissolved C/N (mol/mol) in the water column at the (a) surface, (b) middle, and (c) bottom 
for May sampling event; at the (d) surface, (e) middle, and (f) bottom for the August sampling event;  at 
the (g) surface, (h) middle, and (i) bottom for the November sampling event; and at the (j) surface, (k) 






Appendix B: Chapter 3 Supplemental Materials 
 
Table BS1. TN (µM) concentrations for the surface, middle and bottom of the water column at each 
station for all four sampling events. (± values indicate standard deviation of the mean) 
Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 14.5 ± 1.6 13.8 ± 0.6 15.1 ± 0.6 15.4 ± 0.6 14.7 ± 0.6 15.4 ± 0.6 16.7 ± 0.6 19.5 ± 0.6 18.2 ± 0.6 24.7 ± 0.6 17.3 ± 0.7 19.3 ± 0.6
2 14.6 ± 0.7 14.0 ± 0.6 13.4 ± 0.8 14.2 ± 0.6 14.2 ± 0.6 14.3 ± 0.7 12.6 ± 0.6 10.7 ± 0.6 14.9 ± 0.6 14.0 ± 0.7 15.2 ± 0.7 15.0 ± 0.8
3 15.7 ± 0.7 12.9 ± 0.7 12.6 ± 0.7 14.6 ± 0.6 12.0 ± 0.6 12.0 ± 0.6 13.3 ± 0.7 12.2 ± 0.6 13.8 ± 0.6 18.2 ± 0.7 12.8 ± 0.6 14.2 ± 0.7
4 14.4 ± 0.7 13.2 ± 0.9 11.9 ± 0.7 12.9 ± 0.7 14.1 ± 0.6 14.7 ± 0.6 13.6 ± 0.7 12.8 ± 0.7 12.5 ± 0.7 13.3 ± 0.6 15.6 ± 0.7 16.4 ± 0.6
5 11.9 ± 0.7 8.7 ± 1.0 8.3 ± 0.7 12.4 ± 0.6 14.4 ± 0.7 9.7 ± 0.6 15.4 ± 1.0 15.4 ± 0.7 14.8 ± 3.9 19.4 ± 0.6 18.3 ± 1.0 21.8 ± 2.2
1 30.4 ± 1.7 27.3 ± 0.9 27.0 ± 1.3 18.1 ± 0.8 17.0 ± 0.9 19.0 ± 0.9 14.9 ± 0.7 20.1 ± 2.8 12.0 ± 1.3 22.8 ± 2.5 13.2 ± 0.6 13.6 ± 0.8
2 13.5 ± 0.9 16.3 ± 0.8 17.8 ± 1.1 15.9 ± 1.1 14.3 ± 1.0 15.0 ± 0.9 15.8 ± 1.4 8.3 ± 0.8 9.2 ± 0.8 16.2 ± 0.6 11.6 ± 0.7 13.4 ± 0.8
3 11.9 ± 0.7 15.4 ± 1.3 14.8 ± 1.2 13.6 ± 1.1 14.7 ± 0.8 13.5 ± 1.0 14.0 ± 0.8 11.8 ± 0.8 13.7 ± 0.9 13.6 ± 0.8 8.0 ± 1.2 4.5 ± 0.6
4 18.4 ± 0.7 15.9 ± 0.7 17.2 ± 0.6 13.8 ± 1.1 14.8 ± 1.0 13.2 ± 0.8 16.6 ± 0.9 12.9 ± 1.3 12.8 ± 1.1 12.6 ± 1.0 12.0 ± 0.7 12.9 ± 1.2
5 16.3 ± 0.8 15.2 ± 0.9 20.2 ± 0.9 36.8 ± 1.7 32.2 ± 0.8 18.1 ± 0.8 15.9 ± 1.5 12.8 ± 1.2 22.9 ± 1.9 11.1 ± 0.8 9.0 ± 0.6 10.8 ± 0.8
1 13.7 ± 0.8 - 19.2 ± 2.2 14.6 ± 2.4 11.8 ± 0.8 13.8 ± 0.9 14.5 ± 0.7 9.9 ± 0.8 14.0 ± 0.6 11.6 ± 0.8 15.5 ± 0.7 18.5 ± 0.7
2 21.2 ± 1.3 13.0 ± 0.8 14.0 ± 0.9 19.8 ± 0.8 10.6 ± 0.6 13.8 ± 1.2 8.4 ± 0.6 10.1 ± 0.6 11.8 ± 0.6 15.9 ± 0.7 10.4 ± 0.7 10.5 ± 0.8
3 15.0 ± 0.9 15.6 ± 1.3 19.5 ± 1.2 10.7 ± 0.7 9.4 ± 0.7 10.9 ± 0.8 9.6 ± 0.8 6.3 ± 0.7 10.8 ± 0.7 11.4 ± 0.6 11.8 ± 0.7 11.7 ± 0.6
4 15.3 ± 0.7 - 16.7 ± 0.9 15.6 ± 0.7 13.6 ± 0.7 12.6 ± 0.7 6.9 ± 0.7 13.8 ± 0.7 12.9 ± 0.6 11.0 ± 0.9 7.7 ± 0.7 11.1 ± 0.7
5 21.9 ± 1.5 19.4 ± 1.2 16.5 ± 1.4 11.7 ± 0.6 15.6 ± 0.6 8.9 ± 0.7 12.1 ± 0.6 13.6 ± 0.7 9.7 ± 0.7 12.2 ± 0.8 10.8 ± 0.6 8.3 ± 0.7
1 14.7 ± 0.6 15.4 ± 0.6 16.5 ± 0.6 17.2 ± 0.6 14.7 ± 0.6 15.3 ± 0.7 13.6 ± 0.6 11.7 ± 0.7 14.2 ± 0.6 14.1 ± 0.7 16.2 ± 0.7 16.8 ± 0.7
2 13.7 ± 0.6 13.2 ± 0.7 12.7 ± 0.6 13.2 ± 0.6 13.0 ± 0.6 13.8 ± 0.6 15.0 ± 0.7 12.0 ± 0.7 11.4 ± 0.7 13.7 ± 0.8 13.6 ± 0.7 13.4 ± 0.7
3 13.6 ± 0.7 12.6 ± 0.6 13.4 ± 0.7 14.8 ± 0.6 14.3 ± 0.7 12.8 ± 0.7 15.1 ± 0.6 13.5 ± 0.6 15.0 ± 0.7 13.7 ± 0.6 13.6 ± 0.7 13.4 ± 0.6
4 12.7± 0.8 13.7 ± 0.6 14.0 ± 0.6 15.6 ± 0.6 13.7 ± 0.6 17.4 ± 0.8 14.6 ± 0.8 13.3 ± 0.6 14.2 ± 0.6 15.2 ± 0.7 13.3 ± 0.6 13.4 ± 0.6
































Figure BS1. Tidal-averaged concentrations with depth at the sampling cross section of TN (µM) for 
Spring (A), Summer (B) and winter (C) of 2016 and summer of 2017 (D) sampling events; PON (µM) for 
spring (E), summer (F), and winter (G) of 2016 and summer of 2017 (H) sampling events; and DON 
(µM) for spring (I), summer (J) and winter (K) of 2016 and summer of 2017 (L) sampling events. This 





Figure BS2. Probability density plots of TN (µM) for each tidal phase during the spring 2016 (a), summer 
2016 (b), fall 2016 (c), and summer 2017 (d). 
 
 
Table BS2. PON (µM) concentrations for the surface, middle and bottom of the water column at each 
station for all four sampling events.  
 
Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 5.9 6.3 7.3 7.7 7.4 7.7 2.6 10.8 9.9 14.2 7.6 10.0
2 5.7 5.7 4.8 6.6 6.6 6.8 4.5 3.4 7.3 4.8 6.6 3.6
3 6.8 4.7 4.6 6.9 4.2 4.0 5.6 4.5 6.3 7.2 4.2 5.6
4 4.1 4.9 3.8 4.6 6.3 6.4 5.9 4.2 3.7 4.4 7.5 8.4
5 2.7 - - 3.0 2.4 1.8 4.1 7.2 6.7 8.3 9.1 11.8
1 12.5 13.4 9.4 10.7 8.9 10.3 9.5 9.2 5.7 14 7.7 7.4
2 3.3 5.7 5.3 8.1 6.0 6.3 8.3 2.3 2.3 10.9 6.4 6.5
3 4.4 5.9 4.2 7.3 5.7 4.8 7.0 4.7 6.4 8 2.8 -
4 10.3 7.2 7.0 6.3 6.1 5.3 9.2 4.4 5.5 8 5.7 4.7
5 8.1 6.5 11.2 - - 7.0 4.8 5.6 10.0 6.5 4.7 7.7
1 - 6.3 6.5 3.4 - 4.5 5.2 - 3.1 2.7 6.8 10
2 4.8 - 3.0 3.7 2.2 5.5 - 2.7 3.9 - 2.9 3
3 4.2 3.1 7.1 - - 3.3 2.5 - 4.4 3.9 4.1 3.9
4 4.0 5.5 2.5 4.1 4.9 2.7 - 5.2 4.7 2.3 - 3.4
5 4.6 4.8 4.1 3.3 4.8 - 2.0 - 1.8 2.4 2.9 -
1 5.5 5.9 5.9 4 4 4.4 4.2 3.3 4.7 4.9 6.3 6.6
2 4.6 3.8 3.4 3.3 3.1 3.1 5.5 3.3 2.4 4.5 4.6 4
3 4.7 3.3 3.5 5.1 3.6 2.7 6.3 3.7 5.5 4.5 4 4.9
4 3.3 3.8 4.6 5.2 3.9 5 5.4 3.6 4.2 5.9 4.3 3.7
































Figure BS3. Probability density plots of PON (µM) for each tidal phase during the spring 2016 (a), 
summer 2016 (b), fall 2016 (c), and summer 2017 (d). 
 
 
Table BS3. DON (µM) concentrations for the surface, middle and bottom of the water column at each 
station for all four sampling events. (± values indicate standard deviation of the mean) 
 
Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 8.2 ± 1.5 6.5 ± 0.2 6.6 ± 0.5 7.1 ± 0.4 6.6 ± 0.4 7.0 ± 0.3 6.9 ± 0.5 6.3 ± 0.4 6.7 ± 0.4 4.7 ± 4.4 4.2 ± 4.2 8.8 ± 0.2
2 4.3 ± 4.0 7.0 ± 0.3 7.4 ± 0.9 7.0 ± 0.1 7.0 ± 0.4 6.4 ± 0.5 7.0 ± 0.3 6.2 ± 0.4 6.0 ± 0.8 8.6 ± 0.5 7.9 ± 0.4 10.8 ± 0.7
3 7.8 ± 0.6 6.7 ± 0.7 7.3 ± 0.5 7.0 ± 0.2 7.0 ± 0.2 7.3 ± 0.4 6.2 ± 0.4 5.6 ± 0.3 5.9 ± 0.4 10.7 ± 0.4 7.7 ± 0.8 8.3 ± 0.3
4 9.2 ± 0.8 6.9 ± 0.7 6.4 ± 0.4 6.9 ± 0.6 6.2 ± 1.0 6.2 ± 0.5 5.7 ± 1.0 6.6 ± 0.5 7.7 ± 0.5 7.7 ± 0.9 7.5 ± 0.4 6.7 ± 1.2
5 7.2 ± 1.0 7.2 ± 1.0 4.5 ± 2.1 8.0 ± 0.3 11.0 ± 0.4 7.0 ± 0.3 9.6 ± 0.9 5.7 ± 0.6 6.6 ± 3.9 9.0 ± 0.8 7.5 ± 0.9 8.3 ± 2.2
1 11.0 ± 2.6 11.6 ± 0.5 12.6 ± 2.8 6.9 ± 0.6 7.9 ± 0.5 8.4 ± 0.6 2.8 ± 2.7 9.7 ± 7.5 5.8 ± 1.5 8.0 ± 5.9 4.9 ± 0.3 5.6 ± 0.6
2 9.0 ± 0.8 9.9 ± 0.7 11.3 ± 1.0 6.9 ± 1.1 6.9 ± 1.3 8.7 ± 0.6 7.5 ± 1.7 5.7 ± 0.5 6.4 ± 0.6 4.7 ± 0.5 4.7 ± 0.4 6.9 ± 0.4
3 6.7 ± 0.7 8.7 ± 1.5 7.1 ± 1.6 6.1 ± 0.9 7.4 ± 1.3 7.6 ± 1.2 6.7 ± 0.4 6.8 ± 0.5 5.8 ± 1.1 5.4 ± 0.4 3.4 ± 1.1 3.1 ± 0.5
4 6.8 ± 0.6 7.9 ± 1.1 7.8 ± 2.3 7.2 ± 0.9 7.0 ± 1.5 6.9 ± 1.1 6.8 ± 0.6 8.0 ± 1.4 7.1 ± 1.0 3.8 ± 0.8 4.2 ± 0.6 7.3 ± 1.6
5 6.4 ± 0.8 7.0 ± 1.6 8.9 ± 0.5 9.3 ± 2.9 8.3 ± 0.4 10.4 ± 0.6 9.9 ± 1.9 5.4 ± 1.4 12.6 ± 3.2 3.9 ± 0.8 3.0 ± 0.3 1.5 ± 0.6
1 11.2 ± 0.6 - 10.5 ± 2.1 8.6 ± 2.4 9.1 ± 0.6 6.6 ± 0.7 7.3 ± 0.4 8.4 ± 0.5 9.0 ± 0.2 6.5 ± 0.5 6.5 ± 0.4 6.3 ± 0.4
2 13.9 ± 1.2 10.7 ± 0.5 8.9 ± 0.7 13.5 ± 0.5 5.9 ± 0.3 5.8 ± 1.0 6.6 ± 0.3 5.7 ± 0.2 6.3 ± 0.3 13.8 ± 0.3 5.0 ± 0.7 5.4 ± 0.7
3 8.6 ± 0.7 10.5 ± 1.2 10.1 ± 1.1 8.1 ± 0.5 6.7 ± 0.4 5.0 ± 0.5 5.5 ± 0.5 5.0 ± 0.4 4.9 ± 0.4 5.3 ± 0.3 5.7 ± 0.5 5.7 ± 0.3
4 8.9 ± 0.7 - 11.1 ± 0.6 8.7 ±  0.4 5.9 ± 0.4 7.2 ± 0.4 4.9 ± 0.4 6.5 ± 0.4 6.1 ± 0.3 6.4 ± 0.6 5.5 ± 0.4 5.5 ± 0.5
5 14.3 ± 1.3 11.5 ± 1.1 9.5 ± 1.3 5.3 ± 0.1 7.8 ± 0.3 6.7 ± 1.6 7.8 ± 0.2 11.6 ± 0.4 5.9 ± 0.3 7.6 ± 0.5 5.8 ± 0.2 6.2 ± 0.5
1 6.9 ± 0.6 7.5 ± 0.3 8.3 ± 0.4 11.1 ± 0.4 8.6 ± 0.4 7.9 ± 1.2 7.5 ± 1.1 6.4 ± 0.8 7.1 ± 1.1 6.5 ± 1.2 6.9 ± 0.9 7.0 ± 0.8
2 7.3 ± 0.4 5.0 ± 2.0 4.6 ± 2.0 7.7 ± 0.4 6.9 ± 0.5 6.6 ± 0.9 6.9 ± 1.1 5.8 ± 1.1 6.8 ± 0.6 7.5 ± 0.6 6.7 ± 0.5 7.2 ± 0.5
3 7.3 ± 0.4 6.8 ± 0.4 7.4 ± 0.5 8.0 ± 0.5 7.1 ± 1.0 6.8 ± 0.9 8.0 ± 0.3 6.7 ± 0.7 4.9 ± 1.6 6.9 ± 0.7 6.6 ± 0.9 6.2 ± 0.5
4 7.5 ± 0.6 6.3 ± 1.4 6.5 ± 0.4 8.1 ± 1.0 7.4 ± 0.8 8.3 ± 0.9 7.7 ± 0.8 7.0 ± 0.4 7.4 ± 0.3 6.8 ± 1.1 6.7 ± 0.4 6.2 ± 0.9
































Figure BS4. Probability density plots of DON (µM) for each tidal phase during the spring 2016 (a), 
summer 2016 (b), fall 2016 (c), and summer 2017 (d). 
 
 
Table BS4. NH4+ (µM) concentrations for the surface, middle and bottom of the water column at each 
station for the May, August2 2016 and August 2017 sampling events. (± values indicate standard 
deviation of the mean) 
 
Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 - 1.0 ± 0 1.0 ± 0.4 0.4 ± 0.3 0.7 ± 0.4 0.6 ± 0.2 2.0 ± 0.2 1.1 ± 0.04 1.3 ± 0.1 - - 0.5 ± 0.1
2 1.1 ± 0.3 1.2 ± 0.3 1.1 ± 0.8 0.5 ± 0.1 0.5 ± 0.2 1.0 ± 0.3 1.0 ± 0.2 0.9 ± 0.3 1.1 ± 0.2 0.5 ± 0.3 0.7 ± 0.3 0.4 ± 0.3
3 0.8 ± 0.4 1.0 ± 0.3 0.6 ± 0.4 0.6 ± 0.1 0.7 ± 0.1 0.6 ± 0.3 0.9 ± 0.2 1.8 ± 0.2 1.3 ± 0.2 0.2 ± 0.2 0.8 ± 0.7 0.2 ± 0.1
4 0.7 ± 0.6 1.4 ± 0 1.7 ± 0.1 1.3 ± 0.4 1.4 ± 1.0 2.0 ± 0.4 0.9 ± 0.4 1.7 ± 0.2 0.9 ± 0.2 0.4 ± 0.3 0.5 ± 0.2 0.3 ± 0.3
5 1.5 ± 0.9 1.4 ± 0.4 1.8 ± 0.2 1.3 ± 0.2 0.9 ± 0.1 0.7 ± 0.2 - - - 1.7 ± 0.7 1.5 ± 0.1 1.6 ± 0.4
1 0.7 ± 0.8 0.1 ± 0 0.3 ± 0.3 0.2 ± 0.1 0.1 ± 0 0.1 ± 0 0.3 ± 0.2 0.2 ± 0.1 0.1 ± 0.04 0.7 ± 0.5 0.6 ± 0.3 0.4 ± 0.4
2 0.5 ± 0.5 0.3 ± 0.4 0.1 ± 0 0.8 ± 0.7 1.0 ± 0.9 0.1 ± 0 0.1 ± 0 0.2 ± 0.1 0.2 ± 0.2 0.3 ± 0.3 0.4 ± 0.2 0.1 ± 0
3 0.1 ± 0.004 0.1 ± 0 2.4 ± 1.1 0.1 ± 0 1.0 ± 1.1 0.8 ± 0.8 0.3 ± 0.2 0.4 ± 0.4 0.2 ± 0.1 0.2 ± 0.2 1.4 ± 0.2 1.2 ± 0.4
4 1.0 ± 0.5 0.7 ± 1.0 1.9 ± 2.2 0.2 ± 0.1 1.3 ± 1.3 0.7 ± 1.0 0.1 ± 0 0.2 ± 0.3 0.1 ± 0 0.7 ± 0.4 1.9 ± 0.5 0.9 ± 1.0
5 1.2 ± 0.5 1.2 ± 1.5 0.1 ± 0 0.7 ± 1.0 0.1 ± 0 0.4 ± 0.4 0.2 ± 0.2 1.6 ± 0.9 0.1 ± 0 0.6 ± 0.7 1.3 ± 0.3 1.2 ± 0.3
1 1.4 ± 0.4 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.2 1.4 ± 0.5 0.6 ± 0.1 0.9 ± 0.1 1.2 ± 0.5 1.8 ± 1.1 1.9 ± 0.8 2.0 ± 0.7
2 0.7 ± 0.2 3.0 ± 1.9 3.1 ± 2.0 1.0 ± 0.1 1.7 ± 0.3 2.4 ± 0.3 1.4 ± 0.6 1.5 ± 0.5 1.2 ± 0.2 1.1 ± 0.03 1.3 ± 0.3 1.2 ± 0.05
3 0.7 ± 0.2 1.2 ± 0.1 1.3 ± 0.1 0.8 ± 0.2 1.9 ± 0.2 2.0 ± 0.8 0.6 ± 0.1 1.9 ± 0.6 3.4 ± 1.6 1.6 ± 0.6 2.0 ± 0.8 1.4 ± 0.3
4 1.2 ± 0.1 2.6 ± 1.4 1.7 ± 0.3 0.8 ± 0.3 1.6 ± 0.04 1.4 ± 0.1 1.1 ± 0.5 1.6 ± 0.2 1.5 ± 0.05 1.8 ± 1.0 1.2 ± 0.1 2.1 ± 0.9


























Table BS5. NO3- (µM) concentrations for the surface, middle and bottom of the water column at each 
station for all four sampling events. (± values indicate standard deviation of the mean) 
 
 
Table BS6. NO2- (µM) concentrations for the surface, middle and bottom of the water column at each 
station for the November sampling events. (± values indicate standard deviation of the mean) 
 
 
Table BS7. PO42- (µM) concentrations for the surface, middle and bottom of the water column at each 
station for all four sampling events. (± values indicate standard deviation of the mean) 
Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 - - - 0.15 ± 0.06 - - 5.16 ± 0.40 1.26 ± 0.34 0.29 ± 0.23 1.05 ± 0.51 0.40 ± 0.31 -
2 3.50 ± 3.92 - - - - - 0.08 ± 0.04 0.22 ± 0.26 0.49 ± 0.69 - - 0.25 ± 0.24
3 0.35 ± 0.33 0.50 ± 0.51 - - - - 0.53 ± 0.21 0.38 ± 0.20 0.20 ± 0.12 - - -
4 0.47 ± 0.46 - - - - - 1.07 ± 0.81 0.35 ± 0.30 0.14 ± 0.06 0.79 ± 0.80 - 1.06 ± 1.11
5 0.49 ± 0.11 0.12 ± 0.04 1.92 ± 2.11 - - - 0.49 ± 0.10 1.36 ± 0.20 0.43 ± 0.13 0.35 ± 0.29 - -
1 6.17 ± 0.50 2.34 ± 0.28 4.84 ± 2.40 0.44 ± 0.43 0.19 ± 0.12 0.27 ± 0.30 2.38 ± 2.63 1.18 ± 0.44 0.44 ± 0.14 0.12 ± 0.10 0.11 ± 0.03 0.24 ± 0.17
2 0.76 ± 0.39 0.42 ± 0.30 1.24 ± 0.44 0.15 ± 0.09 0.46 ± 0.49 0.13 ± 0.12 - 0.20 ± 0.25 0.42 ± 0.39 0.35 ± 0.33 0.13 ± 0.06 0.08 ± 0.03
3 0.67 ± 0.63 0.74 ± 0.25 1.06 ± 0.22 0.24 ± 0.28 0.66 ± 0.39 0.44 ± 0.37 0.17 ± 0.14 - 1.32 ± 1.0 - 0.45 ± 0.40 0.24 ± 0.08
4 0.29 ± 0.17 0.26 ± 0.19 0.53 ± 0.42 0.26 ± 0.29 0.46 ± 0.10 0.47 ± 0.35 0.49 ± 0.21 0.33 ± 0.28 0.30 ± 0.25 0.08 ± 0.03 0.30 ± 0.23 0.11 ± 0.01
5 0.64 ± 0.48 0.63 ± 0.24 0.10 ± 0.02 0.93 ± 0.72 0.17 ± 0.11 0.42 ± 0.30 0.96 ± 0.30 0.21 ± 0.16 0.32 ± 0.30 0.10 ± 0.01 0.10  ± 0.01 0.44 ± 0.40
1 1.35 ± 0.18 1.20 ± 0.07 1.06 ± 0.05 1.66 ± 0.02 1.72 ± 0.07 1.72 ± 0.05 0.90 ± 0.02 0.68 ± 0.06 0.70 ± 0.03 1.22 ± 0.01 1.00 ± 0.04 1.05 ± 0.15
2 1.17 ± 0.02 1.11 ± 0.21 0.89 ± 0 1.60 ± 0.09 1.52 ± 0.03 1.53 ± 0.13 0.72 ± 0.03 0.59 ± 0.02 0.51 ± 0.03 0.86 ± 0.04 1.17 ± 0.61 0.78 ± 0.31
3 0.94 ± 0.09 0.85 ± 0.03 1.21 ± 0.02 1.66 ± 0.06 1.67 ± 0.02 1.56 ± 0.04 0.56 ± 0.03 0.52 ± 0.04 0.51 ± 0.05 0.76 ± 0.04 0.70 ± 0.12 0.68 ± 0.22
4 1.21 ± 0.48 2.85 ± 0.73 1.85 ± 0.09 1.71 ± 0.02 1.83 ± 0.09 1.68 ± 0.09 0.75 ± 0.05 0.85 ± 0.16 0.77 ± 0.15 0.79 ± 0.04 0.75 ± 0.04 0.75 ± 0.02
5 1.88 ± 0.04 2.01 ± 0.25 1.78 ± 0.04 1.84 ± 0.04 1.81 ± 0.04 - 1.02 ± 0.06 0.77 ± 0.07 0.79 ± 0.01 0.93 ± 0.10 0.80 ± 0.01 0.82 ± 0.11
1 0.91 ± 0.35 0.94 ± 0.07 1.32 ± 0.20 1.22 ± 0.23 1.16 ± 0.21 1.53 ± 1.05 1.35 ± 1.04 1.22 ± 0.68 1.17 ± 0.91 0.88 ± 0.17 1.08 ± 0.32 1.21 ± 0.27
2 1.09 ± 0.31 1.35 ± 0.19 1.58 ± 0.51 1.17 ± 0.39 1.30 ± 0.34 1.64 ± 0.85 1.23 ± 0.84 1.47 ± 0.87 1.00 ± 0.22 0.73 ± 0.26 0.98 ± 0.23 1.01 ± 0.23
3 0.89 ± 0.18 1.27 ± 0.30 1.22 ± 0.16 0.93 ± 0.40 1.71 ± 0.84 1.27 ± 0.23 0.20 ± 0.17 1.10 ± 0.32 1.10 ± 0.21 0.68 ± 0.25 1.09 ± 0.16 1.20 ± 0.24
4 0.77 ± 0.36 1.02 ± 0.18 1.24 ± 0.14 1.43 ± 0.91 0.83 ± 0.74 2.81 ± 0.73 0.45 ± 0.20 1.08 ± 0.19 1.16 ± 0.15 0.69 ± 0.19 1.06 ± 0.26 1.23 ± 0.23




























Max Flood High Slack Max Ebb
Station
Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 1.14 ± 0.01 1.14 ± 0.01 1.16 ± 0.04 0.98 ± 0.01 0.98 ± 0.01 0.98 ± 0.01 1.07 ± 0.01 1.11 ± 0.01 1.13 ± 0.01 1.10 ± 0.01 1.78 ± 0.01 1.15 ± 0.01
2 1.26 ± 0.01 1.21 ± 0.01 1.19 ± 0 0.98 ± 0.01 0.97 ± 0.01 1.00 ± 0.03 1.11 ± 0.01 1.08 ± 0.01 1.05 ± 0.01 1.28 ± 0.02 1.28 ± 0.03 1.37 ± 0.16
3 1.26 ± 0.01 1.24 ± 0.01 1.15 ± 0.01 1.03 ± 0.03 1.01 ± 0.01 1.00 ± 0.01 1.12 ± 0.01 1.09 ± 0.01 1.05 ± 0.02 1.46 ± 0.03 1.38 ± 0.07 1.40 ± 0.08
4 1.26 ± 0.02 1.22 ± 0.01 1.18 ± 0.03 1.03 ± 0.01 1.06 ± 0.01 1.05 ± 0.01 1.30 ± 0.01 1.25 ± 0.01 1.25 ± 0.02 1.47 ± 0.01 1.47 ± 0.01 1.43 ± 0.02
5 1.11 ± 0 1.11 ± 0.01 1.11 ± 0.01 1.20 ± 0.01 1.17 ± 0.01 2.24 ± 1.54 1.25 ± 0.01 1.22 ± 0.01 1.22 ± 0.01 1.31 ± 0.01 1.29 ± 0.01 1.28 ± 0.01
Station







Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 0.48 ± 0.06 0.49 ± 0.06 0.62 ± 0.11 0.34 ± 0.06 0.46 ± 0.17 0.58 ± 0.03 0.53 ± 0.06 0.50 ± 0.05 0.47 ± 0.05 0.44 ± 0.07 0.42 ± 0.04 0.23 ± 0.04
2 0.58 ± 0.06 0.60 ± 0.05 0.57 ± 0.05 0.62 ± 0.03 0.56 ± 0.02 0.66 ± 0.06 0.35 ± 0.03 0.47 ± 0.05 0.41 ± 0.03 0.40 ± 0.03 0.45 ± 0.04 0.34 ± 0.23
3 0.73 ± 0.03 0.52 ± 0.03 0.59 ± 0.06 0.62 ± 0.06 0.64 ± 0.07 0.60 ± 0.05 0.57 ± 0.04 0.40 ± 0.03 0.37 ± 0.08 0.37 ± 0.15 0.51 ± 0.04 0.50 ± 0.05
4 0.63 ± 0.05 0.44 ± 0.01 0.55 ± 0.17 0.50 ± 0.05 0.41 ± 0.02 0.38 ± 0.08 0.50 ± 0.04 0.25 ± 0.08 0.38 ± 0.05 0.52 ± 0.08 0.38 ± 0.06 0.50 ± 0.04
5 0.63 ± 0.01 0.89 ± 0.35 0.61 ± 0.01 0.54 ± 0.04 0.94 ± 0.12 0.41 ± 0.03 0.42 ± 0.02 0.47 ± 0.05 0.43 ± 0.04 0.55 ± 0.05 0.56 ± 0.05 0.45 ± 0.20
1 0.72 ± 0.14 0.81 ± 0.04 0.71 ± 0.14 0.62 ± 0.08 0.55 ± 0.06 0.58 ± 0.06 0.88 ± 0.10 0.76 ± 0.14 0.73 ± 0.07 1.03 ± 0.11 0.92 ± 0.05 0.96 ± 0.15
2 0.88 ± 0.04 0.89 ± 0.09 0.77 ± 0.06 0.85 ± 0.09 0.80 ± 0.08 0.62 ± 0.01 0.90 ± 0.07 1.00 ± 0.02 1.00 ± 0.03 0.97 ± 0.09 0.98 ± 0.13 0.70 ± 0.04
3 0.80 ± 0.01 0.72 ± 0.02 1.13 ± 0.22 0.69 ± 0.03 1.29 ± 0.27 0.76 ± 0.23 0.97 ± 0.15 0.87 ± 0.13 0.95 ± 0.02 0.98 ± 0.20 1.08 ± 0.05 0.98 ± 0.11
4 0.94 ± 0.04 0.86 ± 0.10 0.69 ± 0.34 0.75 ± 0.06 0.85 ± 0.10 0.82 ± 0.19 1.32 ± 0.23 0.80 ± 0.13 0.60 ± 0.10 1.26 ± 0.11 1.09 ± 0.05 0.89 ± 0.21
5 0.96 ± 0.07 0.85 ± 0.21 0.85 ± 0.14 0.91 ± 0.25 0.73 ± 0.05 0.85 ± 0.14 1.13 ± 0.09 0.90 ± 0.21 0.87 ± 0.06 1.00 ± 0.16 1.15 ± 0.07 1.21 ± 0.14
1 0.90 ± 0.03 0.93 ± 0.02 0.91 ± 0.04 0.92 ± 0.01 0.90 ± 0.02 0.90 ± 0.03 0.82 ± 0.01 0.87 ± 0.03 1.01 ± 0.06 0.73 ± 0.01 0.91 ± 0.04 0.84 ± 0.04
2 0.91 ± 0.11 0.84 ± 0.11 0.97 ± 0.08 0.63 ± 0.31 0.33 ± 0.11 0.41 ± 0.72 0.84 ± 0.11 0.76 ± 0.01 0.80 ± 0.01 0.85 ± 0.01 0.90 ± 0.10 0.90 ± 0.06
3 0.71 ± 0.27 0.85 ± 0.01 0.98 ± 0.03 0.95 ± 0.02 0.92 ± 0.01 0.89 ± 0.01 0.85 ± 0.11 0.65 ± 0.04 0.82 ± 0.04 0.95 ± 0.05 0.95 ± 0.11 0.96 ± 0.02
4 0.96 ± 0.01 1.00 ± 0.04 0.99 ± 0.09 0.90 ± 0.02 0.73 ± 0.30 0.95 ± 0.07 0.90 ± 0.03 0.98 ± 0.01 0.95 ± 0.03 0.97 ± 0.11 1.11 ± 0.03 1.15 ± 0.05
5 1.16 ± 0.35 0.79 ± 0.27 1.04 ± 0.02 0.87 ± 0.26 1.13 ± 0.09 0.84 ± 0.37 0.95 ± 0.17 0.83 ± 0.10 0.80 ± 0.02 1.22 ± 0.06 1.21 ± 0.05 0.94 ± 0.46
1 0.73 ± 0.04 0.58 ± 0.10 0.69 ± 0.14 0.75 ± 0.03 0.78 ±0.08 0.73 ± 0.07 0.74 ± 0.14 0.75 ± 0.17 0.80 ± 0.22 0.67 ± 0.17 0.81 ± 0.10 0.73 ± 0.17
2 0.70 ± 0.11 1.97 ± 1.45 1.56 ± 0.91 0.80 ± 0.05 0.73 ± 0.10 0.87 ± 0.10 0.72 ± 0.08 0.78 ± 0.03 0.81 ± 0.10 0.70 ± 0.08 0.61 ± 0.12 0.78 ± 0.17
3 0.68 ± 0.26 0.91 ± 0.03 0.85 ± 0.10 0.76 ± 0.11 0.58 ± 0.08 0.91 ± 0.20 0.75 ± 0.14 0.74 ± 0.12 0.69 ± 0.06 1.03 ± 0.29 0.83 ± 0.11 0.82 ± 0.10
4 1.89 ± 1.22 0.99 ± 0.05 0.72 ± 0.09 0.76 ± 0.14 0.78 ± 0.13 0.83 ± 0.08 0.97 ± 0.08 0.84 ± 0.05 0.79 ± 0.10 1.13 ± 0.03 0.82 ± 0.21 0.82 ± 0.17
5 1.06 ± 0.12 1.21 ± 0.25 0.97 ± 0.07 0.84 ± 0.12 0.83 ± 0.13 0.71 ± 0.02 0.94 ± 0.05 0.80 ± 0.25 0.93 ± 0.12 0.91 ± 0.15 0.96 ± 0.18 0.90 ± 0.08
Station






























Figure BS5. Probability density plots of PO42- (µM) for each tidal phase during the spring 2016 (a), 
summer 2016 (b), fall 2016 (c), and summer 2017 (d). 
 
 
Table BS8. N:P (DIN/PO43-) for the surface, middle and bottom of the water column at each station for all 
four sampling events. (± values indicate propagated standard deviation of average values) 
 
 
Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom Surface Middle Bottom
1 0.50 ± 0.30 0.87 ± 1.06 1.84 ± 0.39 1.54 ± 0.58 1.68 ± 0.63 1.13 ± 0.34 13.42 ± 0.1 2 4.58 ± 0.18 3.30 ± 0.21 13.22 ± 0.77 13.13 ± 0.76 2.39 ± 0.27
2 7.87 ± 0.87 2.13 ± 0.21 2.03 ± 0.67 0.89 ± 0.2q 1.1q ± 0.38 1.60 ± 0.32 3.24 ± 0.22 2.29 ± 0.37 3.86 ± 0.45 1.55 ± 0.53 1.68 ± 0.37 1.80 ± 0.95
3 1.10 ± 0.72 2.89 ± 0.40 1.14 ± 0.61 1.08 ± 0.15 1.19 ± 0.15 1.24 ± 0.43 2.53 ± 0.22 5.44 ± 0.15 4.12 ± 0.28 0.85 ± 0.71 1.81 ± 0.82 0.58 ± 0.27
4 1.79 ± 0.67 1.20 ± 1.23 3.26 ± 0.31 2.88 ± 0.27 3.74 ± 0.64 5.58 ± 0.28 3.92 ± 0.45 8.17 ± 0.36 2.82 ± 0.20 2.27 ± 0.74 1.52 ± 0.36 2.77 ± 0.84
5 3.17 ± 0.43 1.72 ± 0.47 6.16 ± 0.56 2.55 ± 0.15 1.07 ± 0.16 2.08 ± 0.23 - - - 3.70 ± 0.39 2.94 ± 0.12 3.90 ± 0.50
1 9.62 ± 0.23 3.01 ± 0.13 7.14 ± 0.51 1.02 ± 0.71 0.53 ± 0.43 0.64 ± 0.81 3.01 ± 1.01 1.76 ± 0.39 0.76 ± 0.28 0.84 ± 0.63 0.79 ± 0.43 0.65 ± 0.77
2 1.40 ± 2 0.82 ± 0.71 1.75 ± 0.33 1.09 ± 0.80 1.81 ± 0.72 0.37 ± 0.51 0.22 ± 0.07 0.36 ± 0.76 0.63 ± 0.69 0.69 ± 0.72 0.55 ± 0.49 0.26 ± 0.18
3 0.96 ± 0.83 1.17 ± 0.29 3.08 ± 0.37 0.49 ± 0.82 1.29 ± 0.73 1.62 ± 0.79 0.44 ± 0.61 0.59 ± 0.76 1.61 ± 0.66 0.32 ± 0.76 1.71 ± 0.26 1.43 ± 0.34
4 1.37 ± 0.43 1.09 ± 1.08 3.57 ± 1.05 0.56 ± 0.75 2.07 ± 0.76 1.42 ± 0.93 0.45 ± 0.40 0.71 ± 0.71 0.67 ± 0.66 0.63 ± 0.48 2.01 ± 0.48 1.11 ± 1.04
5 1.87 ± 0.41 2.11 ± 0.87 0.24 ± 0.10 1.84 ± 0.80 0.37 ± 0.42 0.91 ± 0.61 1.04 ± 0.33 2.01 ± 0.56 0.48 ± 0.72 0.74 ± 0.97 1.20 ± 0.23 1.37 ± 0.31
1 4.04 ± 0.06 3.73 ± 0.02 3.71 ± 0.04 3.94 ± 0.01 4.08 ± 0.03 4.10 ± 0.04 3.69 ± 0.01 3.34 ± 0.04 2.95 ± 0.06 4.70 ± 0.01 3.68 ± 0.04 4.01 ± 0.07
2 4.04 ± 0.13 4.21 ± 0.14 3.37 ± 0.08 5.68 ± 0.49 10.38 ± 0.34 8.57 ± 1.76 3.50 ± 0.13 3.62 ± 0.01 3.30 ± 0.01 4.01 ± 0.02 4.16 ± 0.20 3.89 ± 0.11
3 4.86 ± 0.37 3.93 ± 0.02 3.59 ± 0.03 3.90 ± 0.02 3.99 ± 0.01 3.98 ± 0.01 3.30 ± 0.12 4.18 ± 0.04 3.20 ± 0.06\ 3.86 ± 0.06 3.67 ± 0.12 3.63 ± 0.07
4 3.89 ± 0.13 5.32 ± 0.14 4.25 ± 0.09 4.22 ± 0.03 5.41 ± 0.40 3.99 ± 0.08 3.73 ± 0.03 3.42 ± 0.05 3.44 ± 0.05 3.85 ± 0.12 3.33 ± 0.03 3.14 ± 0.04
5 3.55 ± 0.31 5.37 ± 0.35 3.83 ± 0.02 4.86 ± 0.30 3.66 ± 0.08 5.31 ± 0.61 3.71 ± 0.18 3.86 ± 0.12 4.04 ± 0.03 2.92 ± 0.06 2.80 ± 0.04 3.59 ± 0.49
1 3.20 ± 0.38 3.36 ± 0.14 3.37 ± 0.16 2.79 ± 0.15 2.69 ± 0.25 4.09 ± 0.57 2.59 ± 0.51 2.81 ± 0.39 2.99 ± 0.65 4.06 ± 0.63 3.70 ± 0.46 4.45 ± 0.38
2 2.55 ± 0.36 2.21 ± 0.78 3.01 ± 0.72 2.70 ± 0.22 4.05 ± 0.27 4.67 ± 0.36 3.48 ± 0.63 3.81 ± 0.51 2.74 ± 0.18 2.57 ± 0.20 3.78 ± 0.28 2.87 ± 0.16
3 2.40 ± 0.33 2.68 ± 0.18 3.02 ± 0.13 2.30 ± 0.36 6.22 ± 0.39 3.62 ± 0.40 1.04 ± 0.26 4.03 ± 0.36 6.54 ± 0.48 2.21 ± 0.43 3.69 ± 0.42 3.19 ± 0.25
4 1.04 ± 0.48 3.64 ± 0.55 4.09 ± 0.18 2.93 ± 0.53 3.16 ± 0.46 5.01 ± 0.21 1.61 ± 0.48 3.16 ± 0.17 3.33 ± 0.10 2.21 ± 0.57 2.77 ± 0.19 4.07 ± 0.43
5 2.85 ± 0.64 2.90 ± 0.60 3.50 ± 0.69 2.36 ± 0.35 3.20 ± 0.42 3.81 ± 0.57 2.85 ± 0.30 2.80 ± 0.26 2.99 ± 0.24 2.31 ± 0.38 2.49 ± 0.47 2.54 ± 0.38
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